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ABSTRACT

A FORTRAN IV computer program was written that gives the blade-to-blade solu-
tion of the two-dimensional, subsonic, compressible (or incompressible), nonviscous
flow problem for a circular or straight infinite cascade of tandem or slotted turboma-
chine blades. The blades may be fixed or rotating. The flow may be axial, radial, or
mixed. The results include streamline coordinates, velocity magnitude and direction
throughout the passage, and the blade-surface velocities. The method is based on the
stream function using an iterative solution of nonlinear finite-difference equations.
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FORTRAN PROGRAM FOR CALCULATING VELOCITIES AND STREAMLINES
ON A BLADE-TO-BLADE STREAM SURFACE OF A
TANDEM BLADE TURBOMACHINE
by Theodore Katsanis and William D. McNally

Lewis Research Center

SUMMARY

A FORTRAN IV computer program was written that gives the blade-to-blade solution
of the two-dimensional, subsonic, compressible (or incompressible), nonviscous flow
problem for a circular or straight infinite cascade of tandem or slotted turbomachine
blades. The blades may be fixed or rotating. The flow may be axial, radial, or mixed,
and there may be a change in stream-channel thickness in the through-flow direction.

The program input consists of blade and stream-channel geometry, total flow condi-
tions, inlet and outlet flow angles, blade-to-blade stream-channel weight flow, and the
portion of this weight flow that passes between the front and rear tandem blades (through
the slot). The output includes blade-surface velocities, velocity magnitude and direction
at all interior mesh points in the blade-to-blade passage, and streamline coordinates
throughout the passage.

The method is based on the stream function. The simultaneous, nonlinear, finite-
difference equations of the stream function are solved by using two major levels of iter-
ation. The inner iteration consists of the solution of simultaneous linear equations by
successive overrelaxation, using an estimated optimum overrelaxation factor. The outer
iteration then changes the coefficients of the simultaneous equations to correct for com-
pressibility.

This report includes the FORTRAN IV computer program with an explanation of the
equations involved, the method of solution, and the calculation of velocities. Numerical
examples are included to illustrate the use of the program, and to show the results which
are obtained.



INTRODUCTION

An effort is being made to design compressors and turbines with smaller diameters,
fewer stages, and fewer blades per stage. All these factors tend to increase diffusion.
Therefore, it is desired to design blades with high diffusion, and at the same time to
avoid flow separation. Several ideas for aerodynamic design to permit high diffusion
without separation are being investigated, both theoretically and experimentally. Two
promising concepts are the tandem blade and the slotted blade.

In the design of tandem or slotted blade rows for compressors or turbines, an analy-
sis is desirable which will give velocity distributions from blade to blade, and particu-
larly over the blade surfaces. Stanitz (refs. 1 and 2) has shown that finite-difference so-
lutions of the stream-function differential equation can be used to obtain these resulis.
Computer programs have been written which generate coefficients for the difference equa-
tions, solve the equations, and differentiate the resulting values of stream function to ob-
tain velocities throughout the blade-to-blade passage and on the blade surfaces. This has
been done previously by the first author (ref. 3) for a turbomachine with a single blade
row without slots.

This report extends the analysis of reference 3 to tandem or slotted blades. A com-
puter program has been written to obtain the numerical solution for ideal, subsonic, com-
pressible (or incompressible) flow for an axial-, radial-, or mixed-flow circular cascade
of turbomachine blades. The program may also be used for a straight infinite cascade.
The blades may be overlapping or nonoverlapping in the meridional flow direction and may
be fixed or rotating. The program may also be used to analyze a turbomachine with one
set of splitter blades (see section Mixed-Flow Impeller, p. 12). The coordinates used
are meridional streamline distance and angular coordinate in radians.

This report includes the FORTRAN IV computer program (called TANDEM) that was
developed, with an explanation of the equations involved and the method of solution. A
tandem axial gas-turbine rotor cascade and a mixed-flow impeller are analyzed to illus-
trate the use of the program. The results obtained for the axial turbine are compared
with experimental data. The impeller results are compared with previous analytical re-
sults. The report is organized so that the engineer desiring to use the program needs to
read only the sections MATHEMATICAL ANALYSIS, NUMERICAL EXAMPLES, and
DESCRIPTION OF INPUT AND OUTPUT. Information of interest to a programmer is
contained in the sections DESCRIPTION OF INPUT AND QUTPUT and PROGRAM PRO-
CEDURE and in the appendixes.

A TANDEM source deck on tape is available from COSMIC (Computer Software
Management and Information Center), Computer Center, University of Georgia,

Athens, Georgia 30601. The program number can be obtained from the authors.



SYMBOLS

A coefficient matrix, eq. (AT)
2y typical element of matrix A
a,,a a
ao’ al’ afl’ 3,} coefficients in eq. (A2)
412234
b stream-channel thickness normal to meridional streamline, meters
D19,P34 quantities in eq. (A2)
s specific heat at constant pressure, joule/(kg)(°K)
h spacing between adjacent points, eqs. (A1) to (A4); see fig. 17
Ky
k constant vector, . , eq. (A7)
m meridional streamline distance, see figs. 2 and 3
n number of unknown mesh points
gas constant, joule/(kg)(°K)
r radius from axis of rotation to meridional stream-channel mean line,
meters
s angular blade spacing or pitch, rad
T temperature, °K
u stream function
by
u discrete approximation to stream function at n mesh points,
m
uy Un
_1._1m mt‘h iterate of u



v absolute fluid velocity, meters/sec

w fluid velocity relative to blade, meters/sec

w mass flow per blade flowing through stream channel, kg/sec
z axial coordinate, meters

o angle between meridional streamline and axis of rotation, rad; see fig. 1
B angle between relative velocity vector and meridional plane, rad; see fig. 1 .
v specific-heat ratio

N outer normal to region

6 relative angular coordinate, rad; see fig 1

A prerotation (rVe)m, metersz/sec

p density, kg/meteras3

Q overrelaxation factor, eq. (A8)

w rotational speed, rad/sec; see fig. 1

Subscripts:

cr critical velocity

i dummy variable

in inlet or upstream

i dummy variable

le leading edge

m component in direction of meridional streamline

out outlet or downstream

te trailing edge

6 tangential component

0,1,2,3,4 quantities at these locations infinite-difference expression, eqs. (Al) to
(A6); see fig. 17

Superscripts:

T transpose of vector or matrix
1 absolute stagnation condition
re relative stagnation condition



MATHEMATICAL ANALYSIS

It is desired to determine the flow distribution through a stationary or rotating cas-
cade of tandem blades on a blade-to-blade surface. The following simplifying assump-
tions are used in deriving the equations and in obtaining a solution:

(1) The flow is steady relative to the blade.

(2) The fluid is a perfect gas or is incompressible.

(3) The fluid is nonviscous.

(4) There is no loss of energy.

(5) The flow is absolutely irrotational.

(6) The blade-to-blade surface is a surface of revolution. (This does not exclude
straight infinite cascades.)

(7) The velocity component normal to the blade-to-blade surface is zero.

(8) The stagnation temperature is uniform across the inlet.

(9) The velocity magnitude and direction is uniform across both the upstream and
downstream boundaries.

(10) The relative velocity is subsonic everywhere.

w2 - W2, +

o &

Figure 1, - Cylindrical coordinate system and velocity components.
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The flow may be axial, radial,.or mixed, and there may be a variation in the stream-
channel thickness b in the through-flow direction. The proportion of flow between the
front and rear blades must be specified as an input to the program. This input may be
difficult for the user to estimate; however, correlation with experimental work may yield
more reliable values.

The coordinate system is shown in figure 1. Since the variables r and z are not
independent on a stream surface, one variable can be eliminated. Therefore, r and 6
or z and @ could be used as independent variables. However, for generality, it is
better to use the meridional streamline distance m in place of r and z as an indepen-
dent variable (see fig. 2). Then, m and # are the two basic independent variables. A
stream channel is therefore defined by specifying a meridional streamline radius r and
a stream-channel thickness b at several meridional locations m (see fig. 3).

For the mathematical formulation of the problem, the stream function is used. The
stream function u used herein is related to the stream function Y defined in refer-
ence 4 by u = -Y¥//w. With this substitution in equation 12(9) of reference 4 we obtained
the basic differential equation which must be satisfied by the stream function under the
given assumptions:

1 0%, 2% _11apou, [sina_ 1 abp)| ou _ 2bpw
22

F—_—- +
692 amz r2 p o906 96 r bp om | dm w

in o (1)

The stream function u has the value 0 on the upper surface of the leading blade and 1 on
the lower surface of the leading blade. Also, the derivatives of the stream function sat-
isfy the equations

W, @)
ou . bRr 3)

For the solution of equation (1), a finite region is considered (as indicated in fig. 4)
with the condition that the flow along corresponding upper and lower portions of the bound-
ary is the same. For example, the flow along AB is the same as along NM. Also, it is
assumed that AN is sufficiently far upstream so that the flow is uniform along this bound-
ary, and that the flow angle ‘Gin is known. Similarly, it is assumed that the flow is uni-
form along GH, and that the flow angle ‘Bout is known. For an actual blade row, Bout
may usually be determined by means of experimentally determined rules. Also, it is as-
sumed the flow split is known; that is, the percentage of flow which passes between the
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Ain face 2 Blade surface 4~
Blade surface 1
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i

{b) Nonoverlap case.

Figure 4, - Typical finite flow region.

front and rear blades. Specifying ﬁout and the flow split is mathematically equivalent
to specifying the locations of the stagnation points on the trailing edges of both blades.
Since equation (1) is elliptic for subsonic flow, boundary conditions for the entire
boundary ABCDEFGHIJKLMNA are required. Along BC, u = 0; along LM, u = 1; along
EF, u is equal to the negative of the fraction of weight flow through JKL; and along LJ,
u is equal to the fraction of weight flow crossing a line joining C and J. Along AB, CD,
FG, HI, KL, and MN, a periodic condition exists; that is, the value of u along MN, KL,
and HI is exactly 1.0 greater than it is along AB, CD, and FG. The same condition holds
along DE and JK in the nonoverlapping case (fig. 4(b)).
Along AN and GH, 2u/on is known, where 7 is in the direction of the outer normal.
From equations (2) and (3), since Wefwm = tan B,

= 2 tan 8

r of

g e



Along AN and GH,

du_u(N) -u(A) _1

a6 s s

where s is the angular blade spacing, so that

tan B
au) in along AN (4)
M)in  STin
tan 8
. (@) =_-__ "out along GH (5)
n out STout

These are the boundary conditions required to determine a solution to equation (1). The
method used for the numerical solution of equation (1) is described in appendix A. The
numerical solution involves two levels of iteration because equation (1) is nonlinear. The
inner iteration is required to solve equation (1) when it is linearized, and the nonlinear
solution is approached by the outer iteration.

After computing a numerical solution to equation (1) in a given flow region, the ve-
locity at any point can be computed from equations (2) and (3) by using numerical differ-
entiation. The streamlines are located by the contours of equal stream -function values.

NUMERICAL EXAMPLES

To illustrate the use of the program and the type of results which can be obtained,
two numerical examples are given. The first example is an axial-flow turbine and the
other is a mixed-flow impeller.

Axial-Flow Turbine Rotor Cascade

This example is a two-dimensional axial-flow turbine cascade currently undergoing
testing at Lewis Research Center. This blade is a modified version of a tandem blade
reported in reference 5. It has a blunt leading edge on the rear blade in order to achieve
a converging channel between the blades, and it has a wider slot than that reported in
reference 5.

The blade shape in m,§ coordinates and the blade-to-blade solution region are
shown in figure 5. Input for this example is given in table I. Blade-surface velocities
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Relative angular coordinate, 8, rad
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Figure 5, - Blade-to-blade flow region for tandem axial turbine rator,
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TABLE I. - INPUT FOR AXIAL-FLOW TURBINE ROTOR CASCADE

MODIFIED TANDEM AXIAL TURBINE ROTOR

GAM AR Tie RHOIP
1.4000000 287.05300 288.15000 1.2250000

BETAI BETAD CHORDF STGRF
48.000000 -47.000000 0.284T7T000E-01 0.2133300E-01

MBI MBD MBI2 MBDZ MM NBBI NBL NRSP
10 32 29 49 58 20 76 2

RLADE SURFACE 1 == UPPER SURFACE - FRONT BLADE

RIL 01 BETI1 BETO1L

0.7620000E~03 0.3810000E-03 50.000000 -29.400000
MS5P1  ARRAY

-0 0,2570000E-02 0.7650000E-02 0.1527000E-01
THSP1 ARRAY

-0 0.9250000E-02 0.2118000E-01 0.2988000E-01

BLADE SURFACE 2 -- LODWER SURFACE - FRONT BLADE

RI2 RO2 BETI2 BETOD2

0.7620000E-03 0.3810000E-03 25.000000 -6.9000000
MSP2 ARRAY

-0 0.7650000E-02 0.2035000E-01 0.2543000E-01
THSP2 ARRAY

-0 0.7140000E-02 0.2039000E-01 0.2094000E-01

BLADE SURFACE 3 -- UPPER SURFACE - REAR BLADE

RI3 R03 BETI3 BETO3
0.1778000E-02 " 0.3810000E-03 -8.1000000 -48.800000
MSP3  ARRAY
0 0.6100000E-02 0.1626000E-01 0
THSP3 ARRAY
0 0.1640000E-02 -0.2463000E-01 0

BLADE SURFACE 4 -~ LOWER SURFACE - REAR BLADE

RI&4 RD& BETI4 BETO4
0.1778000E-02 0.3810000E-03 -19.700000 -42.500000
MSP4  ARRAY
0 0.6100000E-02 0.1372000E-01 0
THSP&4 ARRAY
o -0.1200000E-01 -0.2745000E-01 0
MR ARRAY
=1.0000000 1.0000000
RMSP ARRAY
0.3238500 0.3238500
BESP ARRAY

0.1000000E~01 0.1000000E~01

BLDAT AANDK ERSDR STRFN SLCRD [INTVL SURVL
1 1 2 2 2 2 3

WTFL
0.3152000€-01

CHORDR
0.25L5000E-01

SPLND1
7.0000000

0.2035000E-01

0.3020000E-01

SPLNO2
5.0000000

-0

-0

SPLNO3
4.0000000

SPLNO4
4.0000000

WTFLSP
0.1134700E-01
STGRR
-0.5459000E-01

0.2543000E-01

0.2643000E-01

OMEGA
-0
MLER
0.2441000E-01

ORF
0
THLER
~0.3607000E-02



O Experimental data

lL2— [ ] Supersonic velocity
predicted by program
— Calculated by program
Lor®

oo

/'-Blade surface 1

Ratio of focal refative velocity to local critical relative velocity, WiW,,

, | I I
0 9! .2 3 .4 5h .6 iy .8 .9 1.0
Ratio of meridional distance to total meridional distance

Figure 6. - Surface velocities on tandem axial turbine blade.

are plotted in figure 6, where comparison is made with unreported experimental data for
the Lewis turbine cascade. There is close agreement between computed and experimental
values on all four blade surfaces.

Execution time was 10 minutes for this example, and it required 16 outer iterations
for final convergence to the compressible solution.

Mixed-Flow Impeller

This example is taken from reference 6. In reference 6 a similar stream-function
analysis was made. The mesh was set up graphically, and the coefficients were calcu-
lated by hand. The solution of the finite-difference equations was obtained by relaxation
on a computer. The analysis was done on a blade-to-blade surface of revolution midway
between hub and shroud.

The coordinates of the stream channel and the stream-channel radial thickness are
given by equations (1) and (2) of reference 7. The radial stream-channel thickness was
corrected to obtain the normal thickness required by this program. The hub-shroud pro-
file is shown in figure 7. The blade shape and mesh arrangement are shown in figure 8.
Input for this example is given in table II. In figure 9 the blade-surface velocities ob-
tained by the TANDEM program are compared with those obtained originally in refer-

12



Radius, r, cm
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Figure 7. - Hub-shroud profile of mixed-flow impeller showing meridional section of steam tube,
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Relative angular coordinate, 8, rad

N M
\
1
1
5—
|
1
1
i)
0= zég
E’Eéz
S T
!‘
1\
\‘ [\
LY
-1.0— ¥ s
\ _~—Blade surface 2
N X
'L S— Vil = nm s :_5
Blade surface 1~ \ R //—Blade surface 3
)
h, e
'l N N
P M, L
Blade surface 4~
_2. 0__
Wl
Sum
S H
‘\
..2‘ 5[——
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g 0 5 10 T

Meridional streamline distance, m, centimeters

Figure 8 - Blade-to-blade surface for mixed-flow impeller, showing grid used in program,



TABLE 0. - INPUT FOR MIXED-FLOW IMPELLER

MIXED FLJIW IMPELLER {NASA TN D=-1186)

GAM
1.5000000
BETAL
-84.880000
MBI MBO MBI2 MB
10 47 28 &
BLADE SURFACE
RIL
0.9140000E-03
MSPL  ARRAY
0
THSP1 ARRAY
. 0
DLADE SURFACE
R12
0.9140000E-03
MSP2  ARRAY
0
THSP2  ARRAY

BLADE SURFACE
RI3
0.1328000E-02
M5P3  ARRAY
0
TH5P3  ARRAY

0

RLADE SURFACE

; R14

i 0.132B0N0E-02

: MSP4  AR?AY
0

i THSP4

: 0

ARRAY

MR ARRAY
-0.3124000E-01
0.51150N0E-01
0.1272600
RMSP  AARAY
0.7586000E-01
D.9447000E-01
0.1360200
RESP  ARRAY
0.1053300E-01
0.3235000E-02
0.8250000E-03

BLDAT  AANDK
1 1

1< |

AR Tie RHOIP
100040000 1000000.0 1.0000000
BETAD CHORDF STGRF
-43.,000000 0.1055500 -2.6290000
02 MM NB3I  NBL NRSP
7 ST 28 8 18
Il == UPPER SURFACE - FRONT BLADE
ROL RETI1 BETO1
0.1846000E-02 -80.0000n0 =49,000000

0.1214000E-01

-0.6250000

7 -
RO2

0.1846000E-02

0.TBBO0D0E=-02

0.2651000E~01

=1.2330000

RETI2

~83.000000

0.2004000E-01

0.4766000E-01

-1.8182000

LOWER SURFACE =~ FRONT BLADE

BETO2
-41.500000

0.4006000E-01

-0.6310000 ~-l.2310000 -1.8206000
3 -- UPPER SURFACE - REAR BLADE
RO3 BETI3 BETO3
041753000€-02 =-60.5000N0 -51.500000

0.130T000E-O1

0.2552000E-01

0.41T72000E-01

-0.1&670000 =0.3370000 -0.5262000
4 == LJIWER SURFACE - REAR RLADE
204 BETI4 BETD4
0.1753000E-02 ~-63.000000 -40.500000

0.1073000E~01

=-0.20L0000

=0.1514000E-01
0.5964000E~01
041407300

0. 7662000E-01
0.9820000E~01
0.1448700

D.1004500E-01
0.2728000E-02
0.7240000E-03

ERSOR  STRFN
2 2

SLC
2

0.2493000e-01

0.4070000

0.2500000E-03
0.6828000E-01

0.78740N0E-01
0.1022800

0.8724000£-D2
0.22990N0E-02

INTVL
2

RO

3

0.4172000E-01

=-0.5813000

0.1065000E-01
0.7709000E-01

0.8091000E~01
0.106T7400

0.7420000E-02
0.19356000E-02

SURVL

WTFL
0.3042000E~02

CHORDR
0.5664000E-01

SPLNOL
6.0000000

0.7360000E-01

~2.2750000

SPLND2Z
6.0000000

0.6828000E-01

=2.2954000

SPLND3
6.,0000000

0.5280000E-01

=0.6269000

SPLND4
5.0000000

0

0

0.1853000E-01
0.860T000E~01

0.8294000E-01
0.1114600

0.6316000E-02
0.1629000E-02

WTFLSP
0J1351600E~-02
STGRR
-0.6649000

0.2651000E-01
0.9524000E-01

0.8531000E-01
0.1165600

0.5354000E-02
0.1370000€E~-02

OMEGA
796.00000

MLER
0.4891000E-01

0.3460000E~-01
0.1046100

0.8802000E-01
0.1220000

0.4532000E-02
0.1151000E-02

ORF
4]
THLER
-2.3434000

0.4281000E-01
0.1141700

0.9108000E-01
0.1277800

0.3831000E~02
0.9790000E-D3
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ence 6. There is good agreement over most of the blade. Minor discrepancies are prob-
ably due to slight differences in the boundary conditions (weight flow split and downstream
flow angle). The heights of the peaks near the leading edges are uncertain because the
radii are small compared to the mesh spacing.

Execution time was 2 minutes for this example. It required only one outer iteration,

since flow was incompressible.

DESCRIPTION OF INPUT AND OUTPUT

The computer program requires as input a geometrical description in m,6 coordi-
nates of the tandem blade segments, a description in m,r coordinates of the stream
channel through the blades, appropriate gas constants, and operating conditions such as
inlet temperature and density, inlet and outlet flow angles, weight flow, and rotational
speed. An estimate of the portion of the weight flow which passes between the tandem
blades must also be given. Output obtained from the program includes velocity magnitude
and direction at all interior mesh points in the blade-to-blade passage, blade-surface
velocities, stream-function values throughout the blade-to-blade region of solution, and

streamline locations.

Input

Figure 10 shows the input variables as they are punched on the data cards. The
first input data card is for a title, which will serve for problem identification. The
remaining cards are for input variables. There are two types of variables, geometric
and nongeometric. The geometric input variables are shown in figures 11 to 13. Fur-
ther explanation of the input variables is given in the section Instructions for Prepar-
ing Input.

The input variables are as follows:

GAM specific-heat ratio, y

AR gas constant, joule/(kg)(°K)

TIP inlet total temperature, Tj , °k

RHOIP inlet total density, p} , l{g/meter3

WTFL mass flow per blade for stream channel, kg/sec

WTFLSP portion of stream-channel mass flow per blade which flows across
the boundary JKL between the front and rear blades, kg/sec; see
fig. 11
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Figure 11. - Geometric input variables for blade-to-blade flow region.

L STGRR(-)



MSP1
- —————————— —-l RO1
{MSP3) /(RO3)
A
= ETOL-}
Y= (BETO3)
RIl STGRF |7
(RI3)~.] {STGRR} LBETO2(-)
, (BETO4)
.I m
- RO2
RI2 (RO4)
(R18)~"
MSP2
il (MS P4} L
= CHORDF e
{CHORDR)
Figure 12. - Geometric input variables on blade. Angles BETI1, 2, 3, 4 and BETO], 2, 3, 4
must be given as true angle B, not as angles measured in m, 8 plane. Either use
tan B = r d8/dm to obtain B, or measure the true angle.
Outlet of
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Figure 13, - Geometric input variables describing stream-channel in meridional plane.
rotational speed, w, rad/sec (Note that w is negative if rotation is

OMEGA
in the opposite direction of that shown in fig. 1.)
value of overrelaxation factor € to be used in equation (A8) (If
ORF = 0, the program calculates an estimated value for the over-

ORF
relaxation factor; see p. 25 and appendix A for discussion.)
BETAI inlet flow angle Bje 2long BM with respect to m-direction, deg; see
fig. 11
BETAO outlet flow angle ‘Bt e along FI with respect to m-direction, deg; see
fig. 11

CHORDF overall length of front blade in m-direction, meters; see fig. 11
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STGRF

CHORDR
STGRR

MLER

THLER

MBI
MBO
MBI2
MBO2
MM

NBBI

NBL
NRSP

RIL, RI2,
RI3, RI4

RO1, RO2,
RO3, RO4

BETIL, BETI2,
BETI3, BETI4

BETO1, BETO2,
BETO3, BETO4
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angular @-coordinate for center of trailing-edge circle of front blade
with respect to center of leading-edge circle of front blade, rad;
see fig. 11

overall length of rear blade in m-direction, meters; see fig. 11

angular @-coordinate for center of trailing-edge circle of rear blade
with respect to center of leading-edge circle of rear blade, rad;
see fig. 11

m-coordinate of leading edge of rear blade with respect to leading
edge of front blade, meters; see fig. 11

angular 6-coordinate of leading edge of rear blade with respect to
leading edge of front blade, rad; see fig. 11

number of vertical mesh lines from AN to BM inclusive; see fig. 11
number of vertical mesh lines from AN to CL inclusive; see fig. 11
number of vertical mesh lines from AN to EJ inclusive; see fig. 11
number of vertical mesh lines from AN to FI inclusive; see fig. 11

total number of vertical mesh lines in m-direction from AN to GH,
maximum of 100; see fig. 11

number of mesh spaces in §-direction between AB and MN, maxi-
mum of 50; see fig. 11

number of blades

number of spline points for stream-channel radius (RMSP) and thick-

ness (BESP) coordinates, maximum of 50; see fig. 13

leading-edge radii of the four blade surfaces, meters; see fig. 12
trailing-edge radii of the four blade surfaces, meters; see fig. 12

angles (with respect to m-direction) at tangent points of leading-edge
radii with the four blade surfaces, deg; see fig. 12 (These must
be true angles in degrees. If angles (i.e., df/dm) are measured
in the m,# plane, BETII1, 2, 3, 4 can be obtained from the relation
tan 8 = r df/dm.)

angles (with respect to m-direction) at tangent points of trailing-edge
radii with the four blade surfaces, deg; see fig. 12 (These must
also be true angles in degrees, like BETIL, 2, 3, 4.)



SPLNO1, SPLNO2, number of blade spline points given for each surface as input, maxi-
SPLNO3, SPLNO4 mum of 50 (These include the first and last points (dummies) that
are tangent to the leading- and trailing-edge radii (fig. 12).)

MSP1, MSP2, arrays of m-coordinates of spline points on the four blade surfaces,
MSP3, MSP4 measured from blade leading edges, meters; see fig. 12 (The
first and last points in each of these arrays can be blank or have a
dummy value, since these points are calculated by the program.
If blanks are used, and the last point is on a new card, a blank
card must be used.)

THSP1, THSP2, arrays of @-coordinates of spline points corresponding to MSP1,
THSP3, THSP4 MSP2, etc., rad; see fig. 12 (Dummy values are also used in
positions corresponding to those in MSP1, MSP2, etc.)

MR array of m-coordinates of spline points for stream-channel radii
and stream-channel thicknesses, meters; see fig. 13 (MR is
measured from leading edge of front blade. These coordinates
should cover the entire distance from AN to GH and may extend
beyond these bounds. The total number of points is NRSP.)

RMSP array of r-coordinates of spline points for stream-channel mean
streamline, corresponding to the MR array, meters; see fig. 13

BESP array of stream-channel normal thicknesses corresponding to the
MR and RMSP arrays, meters; see fig. 13

The remaining variables, starting with BLDAT, are used to indicate what output is
desired. A value of 0 for any of these variables will cause the output associated with that
variable to be omitted. A value of 1 will cause the corresponding output to be printed for
the final outer iteration only; a value of 2, for the first and final iterations; and a value
of 3, for all outer iterations. Care should be used not to call for more output than is
really useful. The following list gives the output associated with each of these variables:

BLDAT all geometrical information which does not change from iteration to iteration;
i.e., coordinates and first and second derivatives of all blade-surface
spline points; blade coordinates and blade slopes where vertical mesh lines
meet each blade surface; radii and stream-channel thicknesses corresponding
to each vertical mesh line; m-coordinate, stream-channel radius and thick-
ness, blade-surface angles and slopes where horizontal mesh lines intersect
each blade; and ITV and IV arrays (internal variables describing the location
of the blade surfaces with respect to the finite-difference grid)
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AANDK coefficient array A, vector Kk, and indexes of all adjacent points for each
point in the finite-difference mesh (This information is needed only for de-

bugging the program. )
ERSOR maximum change in stream function at any point for each iteration of SOR
equation (eq. (A8))
STRFN  value of stream function at each unknown mesh point in region
SLCRD  streamline 6-coordinates at each vertical mesh line, and streamline plot
INTVL  velocity and flow angle at each interior mesh point

SURVL m-coordinate, surface velocity, flow angle, distance along surface, and
w/W - based on meridional velocity components where each vertical mesh
line meets each blade surface; m-coordinate, surface velocity, flow angle,
distance along surface, and W /W - based on tangential velocity components
where each horizontal mesh line meets each blade surface; plot of blade-
surface velocities against meridional streamline distance, m (It is suggested
that SURVL = 3 be used. This will give surface velocities after each outer
iteration, so that satisfactory velocities may be obtained even when final con-

vergence is not reached.)

Instructions for Preparing Input

Units of measurement. - The International System of Units (ref. 8) is used through-
out this report. HOWEV(;I_‘, the program does not use any constants which depend on the
system of units being used. Therefore, any consistent set of units may be used in pre-
paring input for the program. For example, if force, length, temperature, and time are
chosen independently, mass units are obtained from force equals mass times accelera-
tion. The gas constant R must then have the units of force times length divided by mass
times temperature (energy per unit mass per deg). Density is mass per unit volume, and
weight flow is mass per unit time. Output then gives velocity in the chosen units of length
per unit time. Since any consistent set of units can be employed, the output is not labeled
with any units.

Blade and stream-channel geometry. - The upper and lower surfaces of the front and
rear tandem blades are each defined by specifying three things: leading- and trailing-edge
radii, angles at which these radii are tangent to the blade surfaces, and m- and 6-
coordinates of several points along each surface. These angles and coordinates are used
to define a cubic spline curve fit (ref. 9) to the surface. The standard sign convention is
used for angles, as indicated in figure 12.
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A cubic spline curve is a piecewise cubic polynomial which expresses mathematically
the shape taken by an idealized. spline passing through the given points. Reference 9 de-
scribes a method for determining the equation of the spline curve. When this method is
used, few points are required to specify most blade shapes accurately, usually no more
than five or six, in addition to the two end points. As a guide, enough points should be
specified so that a physical spline passing through these points would accurately follow
the blade shape. This means that the spline points should be closer where there is large
curvature and farther apart where there is small curvature.

The coordinates for either surface of a particular blade segment are given with re-
spect to the leading edge of that segment, the leading edge being defined as the furthest
point upstream on the blade segment.

The mean stream surface of revolution (as seen in the meridional plane, fig. 13) and
the stream-channel thickness are also fitted with cubic spline curves. The m-coordinates
for the mean stream surface are independent of the m-coordinates for blade surfaces.

Inlet and outlet flow angles. - The values of Ble and B, are given as average val-
ues on BM and FI, respectively. If the flow is axial, these flow angles are the same as
the flow angles at AN and GH. If flow is radial or mixed, and these angles are not known
on BM and FI, §;, and B;, must be calculated by equation (B14).

Defining mesh. - A finite-difference mesh is used for the solution of equation (1). A
typical mesh pattern (that used in example 1) is shown in figure 14. The mesh spacing
and the extent of the upstream and downstream regions are determined by the values of
MBI, MBO, MBI2, MBO2, and MM of the input (fig. 10). The mesh spacing must be cho-
sen so that there are not more than 2000 unknown mesh points.

Values of MBI, MBO2, etc., should be determined so that the mesh which results has
blocks which are approximately square. To achieve this, a value for NBBI is first chosen
arbitrarily (15 to 20 is typical). NBBI is the number of mesh spaces spanning the blade
pitch s, where s = 27/NBL. Dividing s by NBBI gives the mesh spacing HT in the 6-
direction in radians. Multiplying HT by an average radius (RMSP) of the stream channel
gives an average value for the actual mesh spacing in the §-direction. CHORDF,
CHORDR, and MLER should then be used with this tangential mesh spacing to calculate
the approximate number of mesh spaces in the various regions along the meridional axis.
This will give MBO, MBI2, and MBO2, once MBI is chosen. Generally, MBI is given a
value of 10; MM, likewise, is usually given a value 10 more than MBO2.

Overrelaxation factor. - ORF is the relaxation factor used in each inner iteration in
the solution of the simultaneous finite-difference equations (A7). ORF may be set equal
to 0, or to some value between 1 and 2. ORF is usually given as 0 for the initial run of a
given blade geometry and mesh spacing (MBI, NBBI, etc.). In this case the program
uses extra time and calculates an optimum value for ORF. It does this by means of an
iterative process, and on each iteration the current estimate of the optimum value for
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ORF is printed. The final estimate is the one used by the program for ORF. I the user
does not change the mesh indexes MBI, MBO, MBI2, MBO2, MM, and NBBI between runs,
even though blade geometry or other input does change, he may use this final estimate of
ORF in the input, saving the time used in its computation. In all cases, if ORF is not 0,
it should have a value greater than 1 and less than 2.

Actually, the value of ORF is not as critical as the user might think. It gets more
critical as the optimum value gets close to 2. For any run of a given set of data, only
small changes will occur in the rate of convergence in SOR as long as the difference
2.0 - ORF is within 10 percent of its optimum value. A further theoretical discussion
of the overrelaxation factor is presented in reference 11 (p. 78).

Format for input data. - All the numbers on the card beginning with MBI and on the
card beginning with BLDAT are integers (no decimal point) in a five-column field (see
fig. 10). These must all be right adjusted. The input variables on all other data cards
are real numbers (punch decimal point) in a ten-column field.

Incompressible flow. - While the program is written for compressible flow, it can
be easily used for incompressible flow. To do so, specify GAM = 1.5, AR = 1000, and
TIP = 1(}6 as input. This results in a single outer iteration of the program to obtain the
stream-function solution.

Straight infinite cascade. - The program is as easily applied to straight infinite cas-
cades as to circular cascades. Since the radius and number of blades (NBL) for such a

cascade would actually be infinite, an artificial convention must be adopted. The user
should pick a value for NBL, for instance 20 or 30. Then, since the blade pitch equal to
sr is known, an artificial radius can be computed from

r s onu,

27

This r should be used to compute the 6-coordinates required as input (THSP1, . . .,
THSP4, STGR1, STGR2, THLE2) by dividing coordinates in the tangential direction by
r.

Axial flow. - For a two-dimensional cascade with constant stream-channel thickness,
constant values should be given for the RMSP and BESP arrays. Only two points
are required for each of these arrays in this case. The two values of MR should be
chosen so that they are further upstream and downstream than the boundaries AN and GH.
The two values of RMSP and BESP should equal the constants r and b.

Output

Sample output is given in table III for the axial-flow turbine example. Since the com-
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plete output would be lengthy, only the first few lines of each section of output are repro-
duced herein. Most of the output is optional and is controlled by the final input card, as
already described. In many instances output labels are simply internal variable names
which are defined in the Main Dictionary.

Each section of the sample output in table III has been numbered to correspond to the
following description:

(1) The first output is a listing of the input data. All items are labeled as on the in-
put form (fig. 10).

(2) This is the output corresponding to BLDAT. (See the list of input variables
and the Main Dictionary for variable name definitions. )

(3) The relative free-stream velocity W, the relative critical velocity Wop and
the maximum value of the mass flow parameter pW (corresponding to W =W cr) are
given at the leading edge of the front blade (BM) and the trailing edge of the rear blade
(FI). The inlet (outlet) free-stream flow angle Bin (ﬁout) at boundary AN (GH) is given.
These angles are based on the input angles BETAI ‘ﬁle) and BETAO (ﬁt o)

(4) These are calculated program constants, including the pitch from blade to blade,
the mesh spacing in all solution regions, the minimum and maximum values of IT in the
solution region (ITMIN and ITMAX), and the value of the prerotation A (eq. (B8)).

(5) This is the number of mesh points in the entire solution region at which the
stream function is unknown.

(6) This is the boundary value (BV) of the stream function on each of the four blade
surfaces.

(7) This is the output corresponding to AANDK.

(8) If the program calculates an optimum overrelaxation factor Q (i.e., ORF =0 in
the input), the successive estimates to the optimum value of ORF are printed. The last
printed value of the estimated optimum ORF is the value of £ (ORF) used by the program.

(9) This is the output corresponding to ERSOR.

(10) This is the output corresponding to STRFN.

(11) This is the total execution time after obtaining the stream-function solution
for each outer iteration.

(12) This is the output corresponding to SLCRD.

(13) This is the output corresponding to INTVL.

(14) This gives the maximum relative change in the density p for each outer itera-
tion.

(15) This is the output corresponding to SURVL.

(16) This is the total execution time after all calculations are completed for an outer

iteration.
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BLADE SURFACE 2
Rl2
0.7620000E-03
MSPZ2  ARQAY
=0
TH5P2 ARRAY
-0

BLADE SURFACE 3
213

D.L778000E-D2
M5P3  ARRAY

THSP3  ARRAY

BLADE SURFACE ¢
RI4

0D.17780N0OE-DN2
M5P4 ARRAY

0.1000000E-01

BLDAT
1

6¢

( MIDIFIED TANDEM AXIAL TURBINE ROTOR
AR

0.9250000€E-02

0.3810000E-03
0.7650000E-02

0. T140000E-02

AANDK ERSJIR STRFN
L

TABLE M. - SAMPLE QUTPUT

GAM rip RHOIP WIFL
1.4000000 287.05300 288.15000 1.2250000 0.3152000E-01
BETAI BETATD CHORDF STGRF CHORDR
48.000000 -47.000000 0.2847T000E-0L 0.2133300E-01 0.2515000E-01
MBI MBO MBI2 MBOZ MM NBBI NBL NRSP
10 32 29 49 58 20 T 2
BLADE SURFACE I -- UPPER SURFACE - FRONT BLADE
RIL ROL BETIL BETOL SPLNOL
0.7620000E-03 0.3810000E-03 50.000000 ~-29.400000 7.0000000
MSPL1  ARIAY
- 0.2570000E-02 0.7650000E-02 0.1527000E-01 0.2035000E-01
THSP1 ARRAY

0.2118000£-01 0.2988000E-01 0.3020000E-01

== LJIWER SURFACE - FRONT BLADE
02 BETI2
25.000000

BETOZ2
=6.9000000

SPLND2
5.0000000
0.2035000E~-01 0.2543000E-01 -0

0.2039000E~-01 0.2094000E-01 -0

== UPPER SURFACE - REAR BLADE

<03 BETI3 BETOD3 SPLNO3
0.3810000E-03 -8.1000000 ~4B.800000 4.0000000
0.6100000E-02 0.1626000E-01 0
D.1640000E-02 -0.2463000E-01 0

== LJIWER SURFACE - REAR RLADE

RD4 BETI4 BETO4 SPLNO4
0.3810000E-03 ~19.700000 -42.500000 4.0000000

0 0.6100000E-02 0.1372000€-01 0
THSP4 ARRAY
=~0.1200000E~01 -0.2745000E-01 0
MR ARRAY
=-1.0000000 1.0000000
RMSP  ARRAY
0.3238500 0.3238500
BESP ARRAY

0.1000000E-01

SLCRD INTVL SURVL
2 2 3

WTFLSP
0.1134700E-01
STGRR
~0.5459000E~-01

0.2543000E-01L

0.2643000E-01

OMEGA
=0
MLER
0.244%1000E-01

-0

=0

ORF
0
THLER
-0.360T000E-D2



0¢

BLAD

M
0.17827F-03
0.257T00E-02
0.76500E-02
0.15270F-01
0.20350€E-01
0.25430F-01
0.28276E-01

L]
0.10840F-02
0.756500E-02

2 < 0.20350E-01
0.25430E-01
0.28043E-01

M
0.26439E-01
0.30510E-01
0.40670F~-01
0.49466F-01

L]
0.25589E-01
0-30510€-01
0.38130F-01
0.48922E-01

34 LEADING EOGE B-M

TRAILING EDGE F-1

CALCULATED PROGRAM CONSTANTS

PITCH
0.8267349E-01

4 ITMIN
-14

LAMBDA
38.762794

TABLE III. - Continued. SAMPLE OUTPUT

E DATA AT [INPUT SPLINE POINTS
BLADE SURFALE 1
THETA DERIVATIVE 2ND DERIV.
0.15124E-02 3.67996 -448.310
0.92500E-02 2.88161 -219.276
0.21180E-01 1.83901 ~191. 199
0.29880E-01 0-47565 ~166.638
0.30200E-01 -0.33906 ~154.115
0.256430E-01 =1.15680 -167.828
0.22358E-01 =1.73991 =241.946
BLADE SURFACE 2
THETA DERIVATIVE 2ND DERIV.
0.80541E-01 l.43989 =T.45650
0.83813E-01 l.38132 -10.3836
0.10306 0.43322 -138.924
0. 10361 -0.18877 -105.953
0.10284 -0.37367 =35.5599
BLADE SURFACE 3
THETA DERIVATIVE 2ND DERIV.
0.18284E-02 =0.43947 -206.721
~0.19670E~-02 -1.49683 =312.681
-0.28237E-01 =3.17480 =1T7T.6280
=0.57422E-01 -3.52722 -62.5065
BLADE SURFACE &
THETA DERIVATIVE 2ZND DERIV.
0.73898E-01 -1.10561 -116.003
0.67066E-01 =1l.66752 -112.352
0.51616E-01 -2.31958 -58.7926
0.23609E-01 =2.82949 -35.7093
FREESTREAM MAXIMUM VALUE CRITICAL
VELOCITY FOR RHO*W VELOCITY
161.064 241.239 310.645 BOUNDARY A-N
157.135 241.239 310.645 BOUNDARY G=~H
HY HM1 HM2 HM3
0.4133675€-02 0.12847T37E-02 0.1353333e-02 0.1240588E-02
1TMAX
25

BETA CORRECTED
TO BOUNDARY
48.0000

-47.0000



5 NUMBER OF INTERIOR MESH POINTS = 1053

SURFACE BOUNDARY VALUES
SURFACE BY
6 1 0.
2 1.00000
3 -0.35999
& 0.64001

r BLADE DATA AT [NTERSECTIONS OF VERTICAL MESH LINES WITH BLADES

Ll
1]

0.12847E-02
0.25695FE-02
0.38542E-02
0.51389E-02

BLADE SURFACE 1

™
0
0.53314E-02
0.92485E-D2
0.12772E-01
0.15945E-01

DTOMY
0.10000E 11
3.2425%
2.88173
2.60458
2.33654

M M R SAL
1 =-0.11563E-01 0.32385 -0
2< 2 -0.10278E-01 0.32385 -0
3 -0.89932E-02 0.32385 -0
4  -0.7708B4E-02 0.32385 -0
| s -p.sa237E-02 0.32385 -0
M IV ARRAY
BLADE
SURFACE
ND.
1 1
2 21
3 41
4 61
5 81

- 1€

(=R == Rl ]

BLADE SURFACE 2
DTOMY

TV

0.82673E-01
0.80830E-01
0.826T1E-01
0.84500E-01
0.86313E-01

STREAM SHEET CODRDINATES AND THICKNESS TABLE
B

-0.10000E 11
1.43838
1.42832
1.41752
1.40599

0.10000E-01
0.10000E-01
0.10000€E-01
0.10000E-01
0.10000E-01

1TV ARRAY

2

19
19
L9
19
19

3

0000
0000
0ooo
ocoo
0000

0000
0000
0000
0000
o000

-0
-0
-0
-0
-0

DB/DM




(44

TABLE IIl. - Continued. SAMPLE OUTPUT

(" M COORDINATFS JF INTFRSECTIONS OF HORIZONTAL MESH LINES WITH BLADE

MH ARRAY - BLADE SURFACE 1

MH RMH BEH BETAH OTDMH
o} 0.3238 0.1000€E-01 90.000 0.1000E 11
0D.9?225E-03 U.3238 0.1000E-01 47.526 3.3728
0.2233E-02 0.3238 0.1000E-01 43,797 2.9608
0.37L3E-02 0.3238 0.1000E-01 40.472 2.6347
N.5394E~02 0.3238 0.1000E-01 36494 2.2844

)

T
-1
-13
-12
-1l
L -0
" 1T ap
M= 1
0 1
1 2
2 3
3 4
4 5
5 6
6 7
7 b
8 7
9 10
o 1t
12
12 13
13 14
s 1
15 16
™4 16 a7
17 18
18 19
19 20
M= 2
0o 21
1 22
2 23
3 24
5 25
5 26
6 21
7 28
)
9 10
1o 31
11 32
L 12 33

THETA
~0.5787TLE-0OL
-0.53738E-01
-0.49604E-01
=0.454T0E-DL
-0.641337e-01

PL Ip2
I71 = [1]
20 2

1 3
2 &4
3 5
4 -]
5 7
& 8
7 9
a 10
9 11
10 12
11 13
12 14
13 1%
14 16
15 17
16 18
17 19
18 20
19 1
ITL = 0
40 22
21 23
22 24
23 25
24 26
25 27
26 28
27 29
28 ElY
29 31
30 iz
31 33
32 34

°
™

-
(== A R

——
R

-
=== B

—
[=TRY- - IE N R R WYL N

———
w R

1P4

21
22
23
24
25
26
27
28
29
30

32
i3
34
35
36
37
38
39
40

41
42
43
44
45
46
47
48
49
50
51
52
53

THETA COORDINATES DF ADRIZINTAL MESH LINES

AlLL)

U
0.
0.
Ua
0.
U.
0.
0.
Ua
0.
0.
0.
0.
V.
0.
0.
Q0.
0.
0.
U

0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.,23972
0.23972

ALZ2)

Q.
0.
0.
0.
0.
0.
0.
O
0.
0.
0.
0.
0.
0.
U.
0.
0.
0.
0.
O«

0.23972
0.23972
0.2%972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972
0.23972

0.26028
0.26024
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028

Al4a)

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028
0.26028

K

0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329
0.05329

~0.23972
=0.
-0
=0.
-0
-0.
-0.
=0.
-0.
=0.
-0.
-0.
=0.



€e

ESTIMATED JPTIMUM DRF
ESTIMATED OPTIMUM ORF
8« ESTIMATED OPTIMUM ORF
ESTIMATED DPTIMUM ORF
ESTIMATED DPTIMUM ORF

ERROR =

ERRIR =

ERROR = 1.56B15425
=

g

ERRIR
ERRIR

M =
10d ™=
IM =

11 TIME

12<

1.8535%5929
1.B5807033

L.46978973
1.28075877

= 2.000000
= 1.999756
= 1.999655
= 1.993614
= 1.999614

STREAM FUNCTIDN VALUES

1 1Tl = 0
0.55114593 0.59970274% 0.64908738
1.06323957 1.11458504 L. 16528240
2 ITL = o
0.49785382 0.54641053 0.59579523
1.00994742 1.0612927T 1.11199026
3 1mL = 0
0at4394214 0.492355683 0.54170386
0.95714255 1.00R59727 1.059356310

= 2.6014% MIN.

M COORNENATE

-0.1156263E-01

-0.1027T7B9E-01

-0.8993158E-02

0.69933973
1.21525802

0.64604745
L.16196582

0.59201737
1.10935885

STREAMLINE COORDINATES

STREAM FN.

0.6000000
l.2000000
0.6000000
0. 6000000
1.2000000
0.6000000
0.6000000
L.2000000
0.6000000

THETA

0.41587B4E-02
0.524691TE-01
0.4158784E-02
0.8615924E-02
0.5692582E-01
0.8615924E-02
0.1305006E-01
0.6L40528E-01
0.1305006E-01

0.75039311
1. 26448990

0.69710085
1.21119776

0.64320508
1.15855476

STREAM FN.

0.8000000
1.4000000
0.6000000
0.8000000
1.4000000
0.6000000
0.8000000
1.4000000
0.6000000

0.80210201 0.85427140

1.31301716 1.360946177

0.74880978 0.80097911

1.25972487 1.30765460

0.69509356 0. 74746353

1.20698299 1.25474706
THETA

0.2050116E-01
0.6953478E-01
0.4158T784E-02
0424724 T0E-0L
0.7418718E-01
0.8615924E-02
0.2892955E~-01
0.7886315€E-01
0.1305006E-01

0.90668324
1.40845889

0.85339101
1.35516658

0.B80007856
1.30203211

STREAM FN.

1.0000000
0.6400063

1.0000000
0.6400063

1.0000000
0.6400063

0.959L1737
1.45579982

0.90582513
1.40250759

0.85270490
1.34910329

THETA

0.3630188E-01
0.7512779E-02

0.4054115€-01
0.1190771E~01

0.4477611E-01
0.1627820E~01

1.01136483
1.50326271

0.95807273
1.44997048

0.90512421
1.39629060
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TABLE III. - Continued. SAMPLE QUTPUT

STREAMLINE PLOTS

-0.060 =0.040 -0.020 0. 0.020 0.040 0.060 0.080 0.100 0.120 0a140

~0.0200]l-=mr——mm - S —

1

L

1

L

1

1

L

1 * ¥ * * * *

1
-0.01001 * * * . e @

1 % * * * *

1 * ** * * *

L

| & * ' * * *

1 * % * * *

1 * *% * * *

1 * * TS * *

1

1 * * s . *
0. 1 * * L3 * % * *

1 * * & (Y3 * *

1

1 * * * *% * *

1 * * * L * *

1 * * * . * *

1 * * * * & *

1

1 * * * * x *

L * * * * % *
0.01001 * * * * % *

1

1 * * * * % * *

L * * * *% * *

L * * * * % w *

1 * * * £ 2 * *

1

L * * * ® % * -

1 ® * * . * * *

1 * * - £ * *
0.02001

1 L] * * 4 *

L * * * * *

1 * * * * * *

1 * * * * * »



qe

l2w

1
1 * * * * * * *
1 * * * * * * *
1 * * L] * & * % *
1

0.03001 E I * * ® * %
1 * * * * * * ¥
1 * * * * * * ®
1 * * * * - * *
1
1 * * * * * * %
1 * * * * * %
1 * * * * * * *
1 * * * * * * %
1

0.04001 * * * * * * %
1 * * * * * * %
i * * * * * * &
1 * * . * * -
1
1 * . * * * % %
1 * * * * * * %
1 * * * * (1]
1 * * * * * %
1

0.05001% * * * * * %
1 * * * ]
1 * L3 * %
1 * * * ** .
1
1 * ] * = *
1 * * * *
1 . * % *
1 * * *% * *
1 * * =% * *

0.06001
1 * *% * *
1
1
1
1
1
1
1
1

0.07001

=0.060 -0.040 -0.020 0. 0.020 0.040 0060 0.080 0.100 0.120 0.140

STREAMLINES ARE PLOTTED WITH THETA ACROSS THE PAGE AND M DOWN THE PAGE
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M= 1 VELOCITY ANGLE{DEG)
157.34

164.52

164.53

158.18

48.89
46.81
4T.18
49.15

iv= 2 VFLOCITY ANGLE(JEG)
158.45

165.29

163.70
157.20

ITERATION NO.

il

Q
0.1285E-02
0.2569€-02
0.3854E-02
0-5139E-D2

L

# W R E AR RE R

49.16
47.00
46436
48.91

MAXIMUM RELATIVE CHANGE

VELDCITY

297.83
255.80
248.70
245,70

VELOCI
L158.48
165.38
163,52
157.11

VELOCT
159.84
165.79
L62.44
156443

TABLE M. - Concluded. SAMPLE OUTPUT

VELOCITIES AT INTERIOR MESH POINTS

Ty ANGLE(DEG)
48.46
46.66
47.53
49.42

TY ANGLE(DEG)
48.80
46.76
47.27
49.25

VELOCITY
160.10
165.80
162.25
156.39

VELOCITY
161.54
L65.84
161.05
156.11

1IN DENSITY = 0.5774

ANGLEIDEG)
4T7.94
4beb2
4T.93
49.56

ANGLE [DEG)
48.29
46463
4T.64
49.49

SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS

BLADE SURFACE 1

ANGLE(DEG
90.00
Hh6H.40
43.02
40.15
3l.11

} SURF. LENGTH
0
0.2152E-02
0. 3958E-02
0.56T6E-02
N.7321E-02

SURFACE VELOCITIES BASED ON TANGENTIAL COMPOMNENTS

M
0
0.9225E-03
0.2233E-02
0.37T13€-02

BLADE SUR
VELDCITY AN
261.28
310.64
265.58
251.53

FACE 1
GLE(DEG)
50.00
47,53
43.80
40,47

W/WCR
0.8411
1.N000
0.A549
0.8097

W/WCR
0

0.9588
0.8234%
0-8006
0.7909

VELODC
0

62.663
85.707
96.491
100.27

* B o R BB R

VELOCLTY ANGLE {DEG) VELOCLTY
161.75 4747 163,28
165.79 46.T1 165.37
160.87 48.36 159.47
156.10 49,53 156.45
VELOCITY ANGLE(DEG) VELOCITY
163.08 47.80 164.37
165.48 46463 L64. T4
159.63 48.06 158,31
156.31 49.58 157.15
BLADE SURFACE 2
ITY ANGLE{DEG) SURF. LENGTH
-50.00 0
24.98 0.1417E-02
24.82 0.2833E-02
24466 0.4248E-02
24.48 0.5660E-02

ANGLE | DEG}
4T.09
46.90
4B8.78
49,29

ANGLE (DEG)
47,35
46.75
4B.49
49.46

W/WCR

o

0.2017
0.2759
0.31086
0.3228

* W R R ERE RN



BLADE SURFACE VELOCITIES
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(=] =1 [=] L=] (=1
] . . ] v .
o L= =] o (=] o
AT
w
—

300. 350. 400. 450. 500.

250.
BASED ON WERLDIONAL COMPONENT

l, BASED ON MERLDIONAL COMPONENT

0 - BLADE SURFACE 2, BASED ON TANGENTIAL COUMPONENT
BASED ON MERIDIONAL COMPONENT

BASED ON TANGENTIAL COMPONENT

BASED ON MERIDIONAL COMPONENT

BASED ON TANGENTIAL COMPONENT

200.
* - BLADE SURFACE 1, BASED ON TANGENTLAL COMPONENT

150.
MERIDIONAL STREAMLINE DISTANCE(M} DOWN THE PAGE

+ — BLADE SURFACE

X = BLADE SURFACE 2,

$ - BLADE SURFACE 3,

= — BLADE SURFACE 3,
= BLADE SURFACE &,.

{ - BLADE SURFACE 4,

100.
ITY(W) V5.

-~

50.
VELD

2.9211 MIN.

TIME =

16




ERROR CONDITIONS

The error conditions are as follows:
(1) SPLINT USED FOR EXTRAPOLATION
EXTRAPOLATED VALUE = X.XXX
SPLINT is normally used for interpolation, but may be used for extrapolation in some
cases. When this occurs, the above message is printed, as well as the input and output
of SPLINT. Calculations proceed normally after this printout.

(2) BLCD CALL NO. XX

M-COORDINATE IS NOT WITHIN BLADE
This message is printed by subroutine BLCD if the M-coordinate given this subroutine as
input is not within the bounds of the blade surface for which BL.CD is called. The value
of m and the blade-surface number are also printed when this happens. This condition
may be caused by an error in the integer input items for the program.

The location of the error in the main program is given by means of BLCD CALL NO.
XX, which corresponds to locations noted by comment cards at each MHORIZ, ROOT,
and BLCD call in the program.

(3) ROOT CALL NO. XX

ROOT HAS FAILED TO CONVERGE IN 1000 ITERATIONS
This message is printed by subroutine ROOT if a root cannot be located. The input to
ROOT is also printed. The user should thoroughly check the input to the main program.

The location of the error in the main program is given by means of ROOT CALL NO.
XX, which corresponds to locations noted by comment cards at each MHORIZ and ROOT
call in the program.

(4) DENSTY CALL NO. XX

NER(1) = XX

RHO*W IS X.XXXX TIMES THE MAXIMUM VALUE FOR RHO*W
This message is printed if the value of pW at some mesh point is so large that there is
no solution for the values of p and W. This indicates a locally supersonic condition,
which can be eliminated by decreasing WTFL in the input.

If RHO*W is too large, TANDEM still attempts to calculate a solution. This often
permits an approximate solution to be obtained which is valid at all the subsonic points in
the region. In other cases, the value of W is reduced at some of the points in question
during later iterations, resulting in a valid final solution for these points. The program
counts the number of times supersonic flow has been located at any point during a given
run (NER(1)). When NER(1) = 50, the program is stopped.

The location of the error in the main program is given by means of DENSTY CALL
NO. XX, which corresponds to locations noted by comment cards at each DENSTY call
in the program.
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(5) MM, NBBI, NRSP, OR SOME SPLNO IS TOO LARGE
If this is printed, reduce the appropriate inputs to their allotted maximum values.

(6) WTFL IS TOO LARGE AT BLADE LEADING EDGE
This is printed if WTFL is greater than the choking mass flow for the boundary BM. K
this message is printed, WTFL is cut in half by the program and calculations proceed as
usual for one outer iteration.

(7) ONE OF THE MH ARRAYS IS TOO LARGE
This is printed if there are more than 100 intersections of horizontal mesh lines with any
blade surface. In this case NBBI should be reduced.

(8) THE NUMBER OF INTERIOR MESH POINTS EXCEEDS 2000
This is printed if there are more than the allowable number of finite-difference grid
points. Either MM or NBBI must be reduced.

(9) SEARCH CANNOT FIND M IN THE MH ARRAY
If this is printed, the value of m and the blade-surface number are also printed. The
user should thoroughly check the input to the main program.

PROGRAM PROCEDURE

The program is segmented into seven main parts, the subroutines INPUT, PRECAL,
COEF, SOR, SLAX, TANG, and VELOCY called by the main program TANDEM. In ad-
dition, there are several other subroutines. All the subroutines and their relation are
shown in figure 15. All information which must be transmitted between the seven main
subroutines is placed in COMMON.

Most of the subroutines in TANDEM use the same set of variables. These variables
are all defined in the section Main Dictionary (p. 50). All subroutines using these vari-
ables are described prior to the main dictionary. The remaining subroutines are de-
scribed after the main dictionary, and variables are defined with each subroutine.

The program can handle as many as 2000 mesh points on the IBM 2-7094-7044 direct-
coupled system with a 32 768-word core. For 2000 mesh points to be handled an over-
lay arrangement is used, as shown in figure 16. All subroutines not shown are in the
main link. The total program storage requirement is 74513(8) of which 46770(8) is in
COMMON blocks which are stored in the main link. The system storage requirement for
our computer is 2'764(8) and unused storage is 300(8 . If there is a storage problem on
the user's computer, the maximum number of mesh points should be reduced. The fol-
lowing program changes are required to change the maximum number of mesh points:

(1) Change the dimension of A, U, K, and RHO in the COMMON/AUKRHO/statement.
This statement occurs in most subroutines.

(2) In subroutine INPUT, change the number of values of U, K, and RHO to be ini-
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e e i TANDEM

[TIMET] [INPUT] PRECAL| [_‘cosﬂ SOR) SLAX
| Jj
COEFP SLAV
MHORIZ OEFBB SLAVP
SLAVESB]
HRB] AAK
SPLINE
BORY1Z] [BDRY34
PISTUG
[KHAR
of PE f——{
¢ ] LINT
= DENSTY j=— A

Figure 15, - Calling relation of subroutines,

Main link
673365)

| | TANG
MR . SEARCH
MHORIZ SOR " o
Al 3629 | CcofF, COEFBB 1255y o~
2146, HRB, AAK, PLOTMY,
BDRY12, PISTUG,
BDRY34 o KHAR
2104g) veLocy | kg
SLAV
31258, ;'%‘(3}

Figure 16, - Arrangement for overlay, showing octal storage requirements,
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tialized (the bound on the DO loop near statement 60).

(3) In subroutine PRECAL, change statement 340 and format statement 1150 to re-
flect the maximum allowable number of mesh points. Statement 340 will cause the pro-
gram to stop if there are too many mesh points.

(4) Change the dimensions of W, RWM, and BETA in SLAX, SLAV, TANG, VELOCY,
and VEL.

(5) H the number of mesh points is reduced to below 1600, the equivalence statements
in SLAX, SLAV, TANG, VELOCY, and VEL must be changed.

The first segment of the program is INPUT. This subroutine reads all input data
cards, calculates constants, and initializes arrays. The next subroutine is PRECAL,
which calculates all quantities which remain constant for a single problem. INPUT and
PRECAL are each called once for a given problem. The remaining subroutines are
called once for each outer iteration. The subroutine COEF calculates the entries of the
matrix A and the vector k of equation (A7). These coefficients must be recalculated
for each outer iteration. On the first outer iteration subroutine SOR estimates an opti-
mum overrelaxation parameter £ on the first call if it is not given as input. The same
value of 2 is used for each outer iteration. SOR then finds the linear solution to equa-
tion (A7) with fixed coefficients by successive overrelaxation. Then subroutine SLAX
calculates the streamline locations and me and plots the streamline locations if de-
sired. Subroutine TANG calculates pWe and then pW and B throughout the region.
Finally, the subroutine VELOCY calculates the density p and velocity W throughout
the region and on the blade surfaces and plots the surface velocities.

Conventions Used in Program

For convenience, a number of conventions are used in naming variables and assigning
subscripts. First, several pairs of variables are spelled the same except for one letter,
which is U in one case and L in the other. The U signifies an upper surface BC, DF, EF,
or JK, and L signifies a lower surface ML or JI. Another practice is to use the letters
Iand O in a similar manner, where I refers to the inlet or region ABMN, and O refers
to the outlet or region FGHI. Similarly, the letter T refers to 6, and M refers to m.
Finally, V is used to refer to vertical mesh lines, and H refers to horizontal mesh lines.
For example, DTDMH is an array of the values of df/dm at the intersections of hori-
zontal mesh lines with the blade.

The variable IP is used to number all the mesh points. It starts with IP =1 at A
and is incremented up the vertical mesh lines one by one to the right, ending with
IP = NIP at the last mesh point near H. The mesh spacing in the m-direction is labeled
HM1, HM2, or HM3, and the spacing in the 6-direction is HT. The subscript IM de-
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notes the number of a vertical line, from IM =1 at ANto IM = MM at GH. IT denotes
the number of a horizontal mesh line. IT is zero along AB, increases to ITMAX at the
highest mesh line in the region and decreases to ITMIN for the lowest mesh line in the

region.

Labeled COMMON Blocks

For convenience, most variables which are used in more than one subroutine are
placed in labeled COMMON blocks. A brief description of each labeled block is given.
The same variable names are used in different subroutines for every variable in a
COMMON block. The only exception is when EQUIVALENCE is used for variables in
/AUKRHO/. The labeled COMMON blocks are as follows:

/INP/ is used for input variables, with the exception of those in /GEOMIN/.

/GEOMIN/ is used for certain geometry input variables which are needed only in
BLCD.

/CALCON/ is used for calculated constants which are initially calculated in INPUT
or PRECAL and do not change after this.

/AUKRHO/ is used for the arrays A, U, K, and RHO (see section Main Dictionary)
or the variables which are made equivalent to some of these.

/BLCDCM/ is used for internal variables for BLCD. /BLCDCM/ is needed only to
save certain values when overlay is used.

/HRBAAK/ is used for variables calculated by HRB to be used in AAK.

/RHOS/ is used to store values of p on blade surfaces.

/SLA/ is used for streamline 6-coordinates.

/BOX/ is used for internal variables for the spline subroutines in order to reduce

storage requirements.

Subroutine INPUT

Reading and printing of input. - The program first reads all input cards for a partic-
ular problem. A description of the input required is given in the section Instructions for
Preparing Input. All the input data are printed as the first output.

Calculation of constants and initialization. - After all input is read, many of the sim-
pler constants used throughout the program are calculated. Finally, all density arrays
are initialized to p!m(RHO]:P).
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Subroutine PRECAL

Calculation of constants. - The prerotation A and the average relative velocity Wle
at the blade leading edge are calculated first by an iterative process (egs. (B7) to (B9)).
During this calculation the input weight flow (WTFL) is checked to see if it is larger than
the upstream choked flow value. If so, it is cut in half and the computation of A and
Wi is repeated. Maximum values of the mass flow parameter pW (egs. (B10) to (B12))
and the critical velocity W cr 2re then calculated at the leading and trailing edges of the
blade row. The flow angles 'Bi.n and B out 2T€ also computed at the upstream and down-
stream boundaries (appendix B) from the values, ‘Ble and Bt o» 8lven at the leading and
trailing edges.

Calculation of vertical mesh line arrays. - BLCD is called for the four blade sur-
faces obtaining 6-coordinates (TV) and slopes (DTDMV) where the vertical grid lines
meet the blades. By using the TV array, the integer arrays (ITV and IV) are calculated.
Finally, by using DTDMYV, the blade-surface angles (BETAV) are calculated.

Calculation of horizontal mesh line arrays. - MHORIZ is called once for each of the
four blade surfaces to obtain the m-coordinates (MH) and slopes (DTDMH) where horizon-
tal grid lines meet the blade surfaces. Then by using cubic spline interpolation (SPLINT)
and the MH array, RMH and BEH are calculated. Finally, the blade-surface angles
BETAH are calculated by using DTDMH.

Subroutine COEF

Subroutine COEF controls the calculation of the finite-difference coefficients of u
in equations (A2) to (A6) (elements of the matrix A in eq. (AT)). At the same time, it
computes the constants of the finite-difference equations (components of k in eq. (AT)).

Calculating coefficients and constants throughout region. - COEF progresses from
left to right through the blades. COEFP and COEFBB are called along each vertical
mesh line for the calculation of the coefficients and constants. COEFP is called in the
periodic regions upstream and downstream of the blades, and between front and rear
blades for the nonoverlapping case. COEFBB is called in the regions between upper and
lower blade surfaces.

Corrections to coefficients and constants. - At certain points in the solution region,
corrections must be made to the coefficients and constants calculated by COEFP and
COEFBB. This is done at the end of COEF if points B, J, C, E, or F (see fig. 4) on the
blade surfaces coincide with mesh points in the solution region. Corrections are also
made along line KL and the line to the right of CD. The periodic boundary condition equa-
tions are applied herein (see eqs. (A5) and (A6) and the explanation following them).
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Subroutine COEFBB

Subroutine COEFBB computes the coefficients a; and constants ki along a vertical
mesh line from blade to blade. It has a second entry point (COEFP) with completely sep-
arate code, which computes coefficients and constants in periodic regions. Both COEFP
and COEFBB proceed up a vertical mesh line, one point at a time.

In both the periodic and the blade-to-blade cases, HRB is called initially to compute
the values of h, r, and b required in equation (A2). These values are then altered for
special cases. In COEFBB they are altered along lines CD and KL, and in COEFP along
periodic boundaries. COEFBB also calls BDRY12 and BDRY34 to obtain special values
of h, r, and b when mesh points are within one mesh space of a blade boundary. Fi-
nally, both COEFP and COEFBB call AAK to compute A and k from equations (A2).

Subroutine HRB

Subroutine HRB calculates values of h, r, and b for use in equations (A2). Each
time it is called, it computes these values for a single mesh point.

Subroutine AAK

Subroutine AAK is called by COEFBB and computes the coefficients aij and the con-
stants k; of equation (A2) at a single point.

Subroutine BDRY12

Subroutine BDRY12 is called by COEFBB. It alters the values of h and r calcula-
ted by HRB for point 1 or 2 (see fig. 17) if either of these points lies on a blade surface.
It also defines the constants KAK and KA used to alter A and k in COEFBB or COEF.

Subroutine BDRY34

Subroutine BDRY34 is called by COEFBB. It alters the valuesof h, r, and b cal-
culated by HRB for point 3 or 4 (see fig. 17) if either of these points lies on a blade sur-
face. It also defines the constants KAK and KA used to alter A and k in COEFBB or

COEF.
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Subroutine SOR

This subroutine solves the finite-difference matrix equation (A7) by the method of
successive overrelaxation (ref. 10). The same section of code is used both for calcula-
ting the optimum overrelaxation factor £ and to solve equation (A7). I a value of ORF
greater than 1 and less than 2 is given as input, it is used for the overrelaxation factor.
Otherwise a value is estimated by the program.

In equation (A8), the subscript i denotes the index of an unknown mesh point. In the
program, i is replaced by IP. The subscript j in equation (A8) denotes the index of
neighboring unknown mesh points. For each i, there are only four values of j for which
a.. is nonzero, which are the negative values of the coefficients A(IP,1), A(IP,2),

ARIP, 3), and A(IP,4). The value of j is determined by the index of the proper neighbor-
ing point. These indexes are named IP1, P2, 1P3, and IP4. These indexes are defined
so that u%l has the coefficient A(IP, 1); the other indexes are defined similarly.

Estimation of optimum overrelaxation factor. - f ORF = 0 as input, the optimum
value for the overrelaxation factor §2 is estimated on the first outer iteration by using
equations (B3) and (B1) of reference 11. Equation (A8) is used to calculate Em+1 from
Em for equation (B3) of reference 11, with £ =1, and k= 0. Equation (A8) becomes

i-1 n
m+l _ m4+l _ m
Uy = Z aijuj Z a'ijuj (6)
=1 j=i+1
To start, u(i) =1 for all i. The maximum value of the ratio u;n+1/uin is calculated for

a given m and is given the name LMAX. After convergence, the optimum value of the
overrelaxation factor £ can be calculated by & = 2 / (1+ m) This procedure
is explained in appendix B of reference 11.

Solution of matrix equation by subroutine SOR. - With a value of @ either as input
or estimated by the program, equation (A8) can be used iteratively to calculate a se-
quence Em that will converge to a solution to equation (A7). During each iteration,
the maximum change of the stream function is calculated. When this maximum change is
reduced below 10'6, the iteration is stopped, and the current estimate of the stream
function is accepted as the solution.

Subroutine SLAX

Subroutine SL.AX, by calling subroutines SLAVP and SLAVBB (entry points of SLAV),
computes the meridional mass flow component me at all points on vertical mesh lines.
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Subroutine SLAX also calculates and plots streamline locations.

Calculating me throughout region. - Subroutine SLAX progresses from left to
right through the blades, calling SLAVP and SLAVBB along each vertical mesh line.
SLAVP is called in the periodic regions upstream and downstream of the blade and be-
tween blades for the nonoverlapping case. SLAVBB is called in the blade-to-blade

regions.

Plotting streamlines. - When subroutine SLAX reaches the right end of the region,
all information is available from SLAVP and SLAVBB for the streamline plot. The plot-
ting printout is done by PLOTMY, which, with the necessary further subroutines PISTUG

and KHAR, is described completely in reference 12.

Subroutine SLAV

Subroutine SLAV has two entry points, SLAVP and SLAVBB. SLAVP is called in
'periodic regions, SLAVBB from blade to blade. Both entry points make use of a common
section of code at the end of SLAYV.

Calculation of ou/39 and streamline locations. - SLAVP and SLAVBB compute
du/96 along each vertical mesh line. The derivative 2u/gf is estimated at each mesh
point from a cubic spline curve (SPLINE) of the stream function u.

SLAVP and SLAVBB also calculate values of # corresponding to given values of the
stream function. These values are printed out and are also used for the streamline plot.
The stream function is a one-to-one function of distance in the @-direction along most
vertical mesh lines. Therefore, cubic spline interpolation (SPLINT) can be used to ob-
tain # as a function of u.

Calculation of pW wE = SLAVP and SLAVBB use the derivatives ou/08 to calculate
pW_at each mesh point. The equation 9u/86 = brme/w (eq. (3)) is used. Values of
pW , are stored in RWM for interior mesh points, and in WMB where the blade surfaces

are intersected by vertical mesh lines.
Calculation of mass flow parameter pW on blade surfaces. - Where each vertical

mesh line meets a blade surface, pW is calculated from pW by the equation

W 2
pW:P m:p‘wm 1+(r.°.l?_)
cos B8 dm
Subroutine TANG

Subroutine TANG calculates the tangential mass flow component .OW|9 at all points
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on horizontal mesh lines. This process is complicated by the fact that the horizontal
mesh lines are shifted in crossing the boundary KL.

Location of points on horizontal mesh lines. - Subroutine TANG begins at the bottom
line of the region and proceeds upward to the top of the region, moving from left to right
along each horizontal mesh line. On a given mesh line, the first point in the region is
located by comparing IT for that mesh line with ITV for each of the four blade surfaces of
successive points along the line. After an initial point in the region is located, TANG
moves to the right along the line until it encounters the downstream boundary GH or a
blade surface. Once again, TANG locates a blade boundary by comparing IT with ITV of
the blade surfaces. ROOT is called to calculate mesh spacing at the end points when they
are located on one of the blades. TANG stores the meridional distance and stream-
function value of each point located along a line into the arrays SPM and USP.

Calculation of pW 0° = When a horizontal mesh line exits from the solution region,
subroutine SPLINE is called with SPM and USP to calculate 3u/om at each point along
the line. The product pW, is then calculated from du/9m by using dJu/om= -bpW 4 /W
(eq. (2)).

Calculation of mass flow parameter pW and flow angles at interior points. - At each
interior point, pW is calculated by

pW = ‘/ (WP + (W,)?

and the angle B is calculated by

These values are stored in W and BETA for all interior points.
Calculation of mass flow parameter pW on blade surfaces. - Where each horizontal
mesh line meets a blade surface, pW is calculated from pWS by the equation

1
in 2
sin ri-df-
dm
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Subroutine SEARCH

Subroutine SEARCH is used by TANG in the calculation of the mass flow parameter
PW on blade surfaces. The distance (DIST) corresponds to some element in the MH ar-
ray for a particular surface. SEARCH locates that element and returns its subscript to
TANG. TANG then uses a corresponding element in the BEH array in calculating pW.

Subroutine VELOCY

Subroutine VELOCY calculates densities p and velocities W from the mass flow
parameter pW at all points throughout the solution region and on the blade surfaces. It
also plots the surface velocities.

Solving for densities and velocities throughout region. - VELOCY progresses from
left to right through the blades, calling VELP and VELBB for each vertical mesh line.
VELP is called in the periodic regions, and VELBB is called from blade to blade. When
the right boundary of the solution region is reached, VELSUR is called once to compute
the blade-surface velocities.

Plotting of velocities. - After VELOCY calls VELSUR, all information is available
for the plot of surface velocities. The velocities are plotted by using different symbols
for front and rear blades, upper and lower surfaces, and velocities based on both merid-
ional and tangential components. Velocities based on meridional components are plotted
if |g| =60° and velocities based on tangential components are plotted if |g| = 30°.
Plotting is done by PLOTMY, which is described in reference 12.

Subroutine VEL

Subroutine VEL has three independent entry points, VELP, VELBB, and VELSUR.
VELP and VELBB compute velocities in the periodic and blade-to-blade regions, and
VELSUR computes velocities on the blade surfaces. None of these entry points share
common code in VEL.

The maximum relative change in density p along a blade surface is calculated in
VELBB and VELSUR and is called RELER. If RELER is less than 0.001, the outer iter-
ation is considered to be converged, and the calculations are stopped on the following
iteration.

Calculation of p and W. - Both VELP and VELBB proceed from left to right through
a region, and upward at each vertical mesh line from boundary to boundary. VELSUR
proceeds along the four blade surfaces one at a time. VELP, VELBB, and VELSUR cal-
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culate density and velocity from pW by calling the DENSTY subroutine at each mesh
point and boundary point. Along the blade surfaces, VELBB and VELSUR also calculate
the ratio W/W ...

Printing of velocities. - VELP and VELBB print interior velocities and flow angles
as they are calculated. Surface velocities, blade-surface angles, arc lengths, and ratios
of velocity to critical velocity are printed at the end of VELSUR.

Subroutine BLCD

Subroutine BLCD calculates the @-coordinate and d6/dm of a blade surface for any
given value of m. There are four entry points to BLCD corresponding to the four blade
surfaces.

The first time that BLCD is called for a particular blade surface, the coordinates of
the first and last spline points are calculated. These points are tangent to the leading-
and trailing-edge radii, respectively. The parameters defining the spline curve are also
calculated at this time.

Each blade surface is defined by the leading- and trailing-edge radii and by a cubic
spline curve, which is a piecewise cubic polynomial. The procedure is to scan the spline
points to determine which interval the m-coordinate is in and then to calculate the 6-
coordinate and derivative.

The arguments for the entry points of BLCD are defined so as to be called by ROOT
to determine the m-coordinate of an intersection of a horizontal mesh line with the blade.
Most of the information needed by BLCD is in labeled COMMON blocks. These variables
are found in the main dictionary.

The input argument is

M meridional streamline coordinate, m
The output arguments are as follow:

THETA 6-coordinate of blade surface at m
DTDM df/dm of blade surface at m

INF used when df/dm is infinite; INF is normally 0, but set equal to 1 if d§/dm
is infinite

49



Function IPF

A mesh point in the solution region can be numbered in one of two ways. The first is
by coordinates of mesh line intersection, IM and IT. IM is the number of the vertical
mesh line, beginning with 1 at the upstream boundary AN. IT is the number of the hori-
zontal mesh line, beginning with 0 at the leading edge of the upper surface of the front
blade. The second numbering system is by point count, using IP. IP increases up each
succeeding vertical mesh line from left to right through the solution region. IPF returns
the value of IP corresponding to given coordinates, IM and IT.

Main Dictionary

The Main Dictionary applies to all the previously discussed subroutines.

A array of coefficients of u (i.e., elements of a.1j of matrix A in
eq. (A7)

Al2,6 A34 19, 434 in eq. (A2)

AA temporary variable in PRECAL and BLCD

AAA array used for temporary storage

AANDK see Input

AATEMP temporary location for AANDK in SOR

ADD logical variable in TANG, indicating need to add 1 to stream func-

tion at a mesh point prior to spline fit of stream function along
a horizontal mesh line

ADDL logical variable in TANG, indicating entrance into region where
ADD applies

ANS result of calls on ROOT in TANG and DENSTY in VEL

AR see Input

AZ ay in eq. (A2)

B array containing stream-channel thickness b at the four points

adjacent to a point for which AAK is called

B12,B34 by, bgy ineq. (A2)
BB temporary variable in PRECAL and BLCD
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BE
BEH

BESP
BETA
BETAH (BETAV)

BETAI (BETAO)

BETI (BETO)

BLDAT

BTAIN

BTAOUT

BV

BZ

CDMBIT (CDMBOT)

CHANGE

CHORD

CMM
cp
CPTIP
DBDM

DELTV
DIST

array of values of b at vertical mesh lines

array of values of b where horizontal mesh lines meet the four
blade surfaces

see Input
array of values of 2 at interior mesh points

array of values of 8 where horizontal (vertical) mesh lines meet
the four blade surfaces

see Input

array of angles at tangent points of leading- (trailing-) edge radii
with the four blade surfaces (see input BETI1, 2, 3,4 and
BETO1,2, 3, 4)

see Input

free-stream angle ‘Bin at upstream boundary AN based upon ‘Ble’
calculated by eq. (B14)

free-stream angle Bout at downstream boundary GH based upon
Bte’ calculated by eq. (B14)

array of stream-function boundary values on the four blade sur-
faces

stream-channel thickness b0 at a point for which AAK is called
temporary grid locations along meridional axis in INPUT

change in value of stream function at a particular point during an
iteration of SOR

array containing the meridional chord distances of each of the
four blade surfaces (see input CHORDF and CHORDR)

temporary variable in BLCD

specific heat at constant pressure, cp

T
Zcme

array of slopes at vertical mesh lines of spline curve for stream-
channel thickness

increment in 6 -coordinate in VEL

meridional distance in SEARCH from a blade leading edge to
where a horizontal mesh line meets a blade surface
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DMLR

DTDM

DTDMH (DTDMYV)

DTLR
DUDM

DUDT

EM

EMK, EMKM1
ERROR

ERSOR
EXPON
FIRST
GAM

H

HM1

HM2

HM3

HT

11, I2
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tolerance for mesh points near a boundary in m-direction (If a
mesh point is closer than DMLR to a boundary, the point is
considered to be on the boundary.)

do/dm along a blade surface in BLCD

array of df/dm where horizontal (vertical) mesh lines meet the
four blade surfaces

tolerance in @-direction (see DMLR)

array of derivatives of stream function du/dm along horizontal
mesh lines in meridional direction

array of derivatives of stream function du/df along vertical mesh
lines in 6-direction

array of second derivatives of spline curves for each blade sur-
face, calculated by SPLN22 in BL.CD

temporary variables for EM in BLCD

maximum absolute value of change in u at any point for an over-
relaxation (SOR) iteration

see Input
/(v - 1)
initial value of some index
see Input

array containing mesh spacing h between the point for which
AAK is called and the four points adjacent to it

mesh spacing in m-direction from upstream boundary through
front blade

mesh spacing in m-direction for overlapping portion of front and
rear blades, or between blades for the nonoverlapping case

mesh spacing in m-direction through rear blade to downstream
boundary

mesh spacing in 6 -direction from blade to blade

temporary integer variable in PRECAL, SLAX, SLAV, and
SEARCH

temporary integers in SLAV



IEND

IMSL
IMSS
MTM1
INF

INIT

INTU

INTVL

P
IP1,1P2,1P3,1P4

IPCD, IPKL
IPL (IPU)

IPLM1 (IPUP1)

IS

integer variable set equal to 1 when final convergence to a solution
is reached in the outer iterations on a given set of data

array containing current number of intersections of horizontal
mesh lines with each of the four blade surfaces as intersections
are located

integer variable in BDRY34 and TANG for counting intersections
of horizontal mesh lines with blade surfaces

index of mesh line in meridional direction (m-direction)

integer variable in TANG indicating the vertical mesh line index
of the first (final) point in the region of a horizontal mesh line

IM1 + 1

array containing total number of intersections of horizontal mesh
lines with each of the four blade surfaces

temporary variable in PRECAL
temporary variable in PRECAL, VELOCY, and VEL
IMT -1

variable in PRECAL indicating when an infinite slope is located at
a blade leading- or trailing-edge in a call on BLCD

array used to indicate whether BLCD has been called previously
on a given blade surface

temporary integer streamline value in SLAV
see Input
index of Resh point

value of IP at the four adjacent points to the mesh point under
consideration

temporary IP along lines CD and KL in COEF

value of IP where a vertical mesh line meets a lower (upper) sur-
face or boundary

value of IP on a vertical mesh line adjacent to a lower (upper)
surface in VEL

integer variable in SEARCH for indicating where a horizontal mesh
line intersects a blade surface
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IT
IT3, IT4

ITER
ITI
ITMAX (ITMIN)
ITO
ITV

ITV1,ITV2
ITVIM1
ITVL (ITVU)

ITVLP1
ITVM1 (ITVP1)

ITVUM1
v
IVMM

~

LAMBDA
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index of mesh line in @-direction

value of IT for the adjacent points (3 and 4) to mesh point under
consideration

outer iteration counter

horizontal mesh line index in TANG one period below IT, IT-NBBI
maximum (minimum) value of IT in mesh region

value of IT at origin of coordinates at leading edge of front blade

array of horizontal mesh line indexes (IT) corresponding to inter-
sections of vertical mesh lines with blade surfaces (ITV(IM,
SURF) is the IT value for the mesh point in the region on verti-
cal mesh line IM which is closest to blade surface (SURF).)

temporary storage of ITV in TANG

temporary ITV in TANG

ITV of the lower (upper) blade surface on a given vertical mesh
line

ITVL + 1

ITV of a blade surface in COEFBB for the vertical mesh line to
left (right) of line under consideration

ITVU - 1

array containing value of IP at the base of each vertical mesh line
temporary storage of IV in COEF

temporary integer variable in INBUT, SLAX, and SLAV

array of constants; vector k in eq. (A7)

integer array indicating which of the four points surrounding a
mesh point lie on a boundary

real array giving the stream-function values of boundary points
surrounding a mesh point

integer counter in BLCD

array containing information used in plotting subroutine PLOTMY
temporary integer variable in SLAV
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LAST final value of some index

LER array indicating location of error messages printed by program

LMAX maximum value of u;n"'l/u;n for eq. (B2) of ref. 11

LOC integer variable in SLAV specifying which entry point (SLAVP or
SLAVBB) was used

LOWER integer variable representing one of the lower blade surfaces,
2o0r 4

M meridional coordinate, m

MBI see Input

MBI2 see Input

MBI2M1 MBI2 - 1

MBI2P1 MBI2 + 1

MBIM1 MBI - 1

MBIP1 MBI+ 1

MBIT, MBOT temporary grid locations along meridional axis

MBO see Input

MBO2 see Input

MBO2M1 MBO2 - 1

MBO2P1 MBO2 + 1

MBOM1 MBO -1

MBOP1 MBO + 1

MH array of m-coordinates of intersections of horizontal mesh lines

with the four blade surfaces

MLE array of m-coordinates of leading edges of the four blade surfaces
(see input MLER)

MM see Input

MMLE temporary meridional distance in BLCD
MMM1 MM -1

MMMSP temporary meridional distance in BLCD
MR see Input

55



MRTS

MSL
MSP

NI
NIP
NP1, NP2

NRSP
NSP
NSPI

NSPM1
OMEGA
ORF
ORFOPT

ORFTEM
P

PITCH
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integer switch in PRECAL indicating when infinite derivatives
would be encountered in a call on MHORIZ

temporary storage for MV array during plotting in SLAX

array of m-coordinates of spline points for each blade surface
measured from its leading edge (see input MSP1, 2, 3, 4)

temporary meridional distance in BLCD
array of m-coordinates of vertical mesh lines
temporary value of MV in TANG

see Input

number of blades

array indicating number of times certain error messages are
printed by program

number of streamlines blade to blade in SLAV
number of interior mesh points

integer counters in VELOCY indicating number of plotted blade-
surface velocities

see Input
number of spline points

array containing number of spline points on each of the four blade
surfaces (see input SPLNO1, 2, 3, 4)

NSP - 1
see Input
see Input

upper bound for estimate of optimum $§ from eqs. (B1) and (B2)
of ref. 11

temporary storage for ORFOPT

array containing information used in the plotting subroutine
PLOTMY

27/NBL, 6-coordinate from blade to blade

array of densities p at the four points adjacent to a point for
which AAK is called



RATIO
RELER

RHO
RHO1
RHOB
RHOHB

RHOIP
RHOMBI
RHOMB2
RHOMM
RHOT
RHOVB

RHOVI

RHOVO

RHOWMI
RHOWMO
RI (RO)

RM

RMDTL2 (RMDTU2)

RMH

RMI (RMO)

RMM

value of u{™*1/u® for use in eqs. (B2) and (B3) of ref. 11

maximum relative change in density at surface mesh points, be-
tween two outer iterations

array of densities p at interior mesh points
average density p at upstream boundary AN
temporary storage in VEL for a value of p on a blade surface

array of densities p at horizontal mesh line intersections with
the four blade surfaces

see Input

average density p at leading edge of front blade
average density p at trailing edge of rear blade
average density p at downstream boundary GH
temporary value of density p

array of densities p at vertical mesh line intersections with the
four blade surfaces

average value of pW at front-blade leading edge or upstream
boundary AN

average value of pW at rear-blade trailing edge or downstream
boundary GH

maximum value of pW at leading edge of front blade
maximum value of pW at trailing edge of rear blade

array of leading- (trailing-) edge radii on the four blade surfaces
(see input RI1, 2,3, 4 and RO1, 2, 3, 4)

array of r-coordinates of the mean stream surface radii at verti-
cal mesh lines

(r d@/dm)2 at vertical mesh line intersections on lower (upper)
blade surfaces

array of r-coordinates of the mean stream surface radii where
horizontal mesh lines meet the four blade surfaces

array of r-coordinates of mean stream surface radii at the inlet
(outlet) of the four blade surfaces

temporary meridional distance in BLCD
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RMSP
RWM

RWT

W

S1 (ST)

SIGN
SLCRD
SPLNO
SPM
SRW

STGR

STRFN
SURF, SURFBV

SURFL

SURVL
T1, T2
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see Input

array of me where vertical mesh lines intersect the four blade
surfaces

array of PWQ where horizontal mesh lines intersect the four
blade surfaces

density Po at point for which AAK is called

meridional distance between two adjacent blade-surface spline
points in BLCD

blade-surface number at beginning (end) of a horizontal mesh line
in TANG

array of values of sin @ = dr/dm at each vertical mesh line

integer constant in BLCD

see Input

number of input spline points on a blade surface

array of m-coordinates along a horizontal mesh line in TANG

integer code variable that will cause certain subroutines to write
out useful data for debugging:

If SRW = 13, SPLINE will write input and output data.

If SRW = 16, SPLINT will write input and output data.

If SRW = 18, SPLN22 will write input and output data.

If SRW = 21, ROOT will write input and successive estimates of
the root to which it is converging.

array of 6-coordinates of center of each trailing-edge radius with
respect to the center of its leading-edge radius (see input STGRF

and STGRR)
see Input
integer variables referring to one of the four blade surfaces

array of blade-surface lengths at vertical mesh line intersections
for each of the four blade surfaces

see Input

elapsed time in clock pulses (1/60 sec)



TBI

TBI1, TBIT
TBO

TBOM, TBOT
TGROG

TH

THETA
THK, THKM1
THLE

THSP

TIME
TINT

TIP

TPP
TSL
TSP

TTIP
TV

TWL
TWLMR

UINT

tan IBle

temporary TBI

tan Bt &

temporary TBO

2yR/(r + 1)

0-coordinate from leading edge of front blade to a horizontal mesh
line

¢ -coordinate of a point along a blade surface in BLCD

temporary variables in BLCD

array of 60-coordinates from origin of front blade to leading edge
of each blade surface (see input THLER)

array of ¢-coordinates of spline points for each blade surface
measured from its leading edge (see input, THSP1,2, 3, 4)

elapsed time in minutes

array of @-coordinates in SLAV where plotted streamlines cross
vertical mesh lines

see Input
TH
array of 6-coordinates of plotted streamlines

array of 6-coordinates of points along a vertical mesh line in
SLAV

)
T/Tin
array of @-coordinates where vertical mesh lines meet the four
blade surfaces
2wA
o 2
ZwA - (wr)
2w/w

array of stream-function values at each mesh point, or of the
eigenvector associated with spectral radius ,o(Ll), as estimated
by the power method (ref. 11)

array of values of stream function for which it is desired to obtain
interpolated values of §-coordinate in SLAV
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UNEW

UPPER, UPPRBV

USP

VI (VO)

w

WCR
WCRI (WCRO)
WMB

WTB

WTFL
WTFLSP
WWCRM

WWCRT

XDOWN
YACROS

60

new value of stream-function estimate at a single point, calculated
by eq. (6)

integer variables representing one of the upper blade surfaces,
lor3

array of values of stream function along a vertical or horizontal
mesh line, including boundary points

average relative velocity at the leading (trailing) edge of the front
(rear) blade

array of relative velocities W at unknown mesh points, also used
for storing pW

critical velocity on a blade surface

critical velocity at leading (trailing) edge of front (rear) blade

array of pW - where vertical mesh lines intersect the four blade
surfaces

array of pWe where horizontal mesh lines intersect the four
blade surfaces

see Input

see Input

array of ratio of blade-surface velocity (based on meridional com-
ponent) to critical velocity

array of ratio of blade-surface velocity (based on tangential com-
ponent) to critical velocity

array of m-coordinates where surface velocities are plotted

array of surface velocities to be plotted
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Program Listing for Subroutines Using Main Dictionary

COMMUN >RwWs ITER, IEND yLER{ 2} +NERL2}

COMMIN /AUKRH3/ A(2000,4),Ul2000),KL2000) ,RHO(2D03))

CUMMUN ZINP/ GAM AR, TIPRAUIP sWTFL ;WTFLSP yUMEGA,ORF,BETAL,BET AL,
IMBI, MBO,MB12,MBO2,MM, NBBI yNBL s NR SP , MR (50) ,RM5P (50) 4BESP(5D ),
2BLOAT , AANUK, ER SURy STRFN SLCRD » INTVL » SURVL

CIMMJN /CALCUN/ M3IM1,MBIPLl,M30M1,MBUPL,MBIZML ,MBI2PL,MBO2ZM],
IMBU2P 1 ,MMMLy HM L, HM2HM 3,0 T D TLR yDMLR yPITCH sC P, EXPON,TAW,CPTIP,
2TGRIG, TBL , TBO s LAMBIA s TWLy L TMIN oI TMAX  NIPIMS(4) 4BV (4),MVI1DD ]},
SIVIIUl ) ETVEIC0:4) s TVIL100,4) sDTOMVILOO %) yBETAV(1ID441),
4MHL 100, 4) yUTUMHI 10044) 4B TAH (L 00 %) yRMH(LIO0 %) yBEHI(10) 44 ),
SRMIL LUQ }»3E(LUO),D3UMI100) ,5AL(LO0O0) JAAA(LDD)

COMMIN ZGEUMINS CHIRI(4) sSTUR(4) yMLE (4) yTHLE (%) »RMI(4) +RMO(4),
IRIC4)yRIC4), BETIL4) 4 3ETUL4) «NSPL (4) ¢MSPI50 4%) 4 THSP(5],4)

CUMMUN /RHOS/ RHOHB( 10U, 4) yRHOVB (100 44}

COMMUN /bLCUCM/ EMI50,4) s INITL4)

INTEGER BLDAT,AANDK,ERSURs STRFNySLCRU,SURVL+AATEMP,SURFSURFBY,
LFIRSTy UPPERK, UPPRBV 51y STy SRHW

REAL K ohAR,LAMBDA yLMAX sMriy MLE o MR yMSL 4MSP, MV, MVI ML

CALL TIMELITL)

10 1END = -1
ITER = 0
DU 20 SURF=l.4
20 INIT{SURF) = 0
CALL INPUT
CALL PRECAL
30 CALL CUEF

CALL Sur

CALL TIMELIT2)

TiMe= (T2-T1)/30U0.

WRITE( 6y LO0Y) TIME

CALL SLAX

CALL TANG

CALL wvELICY

CALL TIMELILT2)

TIME= (T2-T1)/36U0.

WRITE( 6, LOUQ ) TIME

IF(NER(2)GT.0) GU TJ 10

IF (IEND) 30,30,10

1000 FURMAT {(8HLTIME = ,F Ta%+54 MIN.)

END

SUBRUUTINE INPUT

INPUT REALS AND PRINTS ALL INPUT UDATA CARDS AND CALCULATES HURIZONTAL
SPALING (MV ARRAY)

CUMMUN SRWs 1 TER s IEND,LER(2) sNER(2)

CUMMIN /AUKRHJ/ A(200044) 2U(2000) ,K12002) +RHO(220D)

CUMMUN ZINP/ GAM AR TIPyRHUIP s WTFL yWTFLSP,UMEGA,ORF,BETAL,BETAD,
IMBIsMBU,MEI2/MBUZ MMy NBBL s NBL,NRSP MR {50} 4RMSP (50} 4BESP(5D 1},
2BLOAT s AANDK s ER SUK ¢ STRFNy SLLRD» INTVL,y SURVL
CUMMON /CALCUN/ MBIMLyMB1PL MBUML,MBOPL ,MBIZML MBI2PL,MBO2M]L,
IMBO2P 1 yMMMLy HML s M2y HiM3 4 AT yD TLR yOMLR yPITCH 4C Py EXPON,THW,CPTIP,
ZTLRUGy TBI y TBU+LAMBOA y TWll p I TMINI TMAX yNIP oI MS (4} 4BV (4) 4MV (100,
BIVII0L) L TVI L00s4) o TVILIUV»4) ¢OTUMVILO00 44 ) +BETAVI1I0 %),
4MH( 10044 ) DTOMHL LUO,4) yBETAH (L0024 ) +yRMH(LI0 941 yBEH (12244 ),

SRM{ 1UD),3E(100),LBUMIL00) +SALILOO) JAAALLOU)

COMMUN /GEDMIN/ CHURI (&) »STGRI{4) 4MLE (4) » THLE(4) sRMI(4 ) ,RMOL 4 ),
IRIC4) ) RUL 4y BETE(4)+3ETU(4) ¢ NSPL (4) sMSP(50 +%) » THSP (52,4}

CUMMUON /RHOS/ RHUHB{100, 4} RHOVB {1UD 4y4)

INTEGER BLUAT,AANDKEA SUR, STRFN, SLCRU » SURVLyAATEMP ,SURF,SURFBV,
LFIRSTy UPPERs UPPABV,,SL+5T+SRW
REAL K oKAK L AMBDA yLMA X gMH y MLE y MR yM5L , MSP s MV, MV I ML



C
C READ AND PRINT ALL INPUT UATA

c
WRITE( &, 10U0)
REAL (5,1100)
WRITE( & 1100)
WRITE( € 11101}
READ {5,1030) GAMsARTIP4RAUIP yWTFL 4WTFLSP,OMEGA,ORF
WRITE( 6, LO4U ) GAM,AR,TIP,RHUIP ,WTFL yWTFLSP,UMEGA,ORF
WRITE( €211201)
READ ( 5,1030)BETALSBETAU,CHURD (L) +STGR L) yCAORDI3) oSTGRIZ),
1MLE{ 3),THLEL 3)
WRITEL & LO40 JBETAL »BE TADZCHUORD (1) ySTGR (L) ,CHURD(3) »STGR(3 1},
IMLEL 33, THLE( 3}
WRITE( & 11301
READ (5p1010) MBI,MBI ,MB12sMBU2 MM, NBBI yNBLsNRSP
WRITE{ 6, 1010) MBL,#MBU,MB[2 yMBO2 ¢ MMy NBBI yNBLsNRSP
DO 10 J=1,4
IF (J+EQall WRITE(O6,11401
IF (J «EQe2) WRITEL6,1150)
IF {JeEde3) WRITE(6,1160)
IF [Jabde4) WRITELGE,1170)
WRITE(6,1180) Jydadsdrd
READ (5,1030) RI(J),RO(J) BETI L) ,BETULJ) +SPLNU
WRITE( €, 1040 ) RIGJ)RULJ) BETI(J),BETULI) ,SPLNU
NSP I{J )= SPLNu
NSP = NSPILJ)
WRITE{ & 1190) J
READ [ 5,1030) (MSP(LlsJ},1=1,NSP)
WRITEL £ 1040} (MSP({IsJ)sI=1,NSP)
WRITE( 6,1200) J
READ (5,1030) (THSP(LsJd) o1 =1 ,NSP)
10 WRITE( & 1040) (THSP(L,J)41=1,N5SP)}
WRITE( &, 12101
READ (5,1030) (MR{L)y1=1,NRSP}
WRITEL 6, 1040 ) (MRUI),y1I=LyNRSP)
WRITEl & 12201)
READ (5,1030) (RMSPI1)41=1,NRSP)
WRITE( €y 1040 ) (RMSPLI)s1=1,NRSP)
WRITE( €&, 1230)
READ (5,1030) (dESP(I)41=1,NRSP)}
WRITE( 61040} (BESPUIL},1=1,NRSP)
WRITE( & 1240)
READ {5, 1010) BLUOAT,AANUK yERSUR y STRFNsSLCRD,INTVL,5URVL
WRITEL €y 1020) BLOAT)AANDK yERSOR » STRF Ny SLCRUSINTVLSURVL
IF (MM.LE.lO0C.ANUNB3 I . LE« 50 ANDNRSP. LEs 50 AND.NSPI(1).LE.52
LeANU N SPIL 2) . LEL50ANI NSPI(3).LE.5U.AND. NSPI(4) . LE.5)) GO TO 20
WRITE (64 1£50)
sSTup
c
C CALCULATE MV AARAY
C

20 HM1 = CHORU( 1)/FLOAT(MBU-MB1)
IF{MBU o bT oMB I2AND MBI «NE.MBI2) HML = MLE{(3})/FLOAT (MBI2-MBI}
HMZ = 1.E30
IF(MBIZ.NE MBI ) HMZ = (MLE(3)-CHORD(1))/FLOAT(MBI2-MBO)
HY3 = CHIRU( 3)/FLOATIMBUZ-MBIZ)
IF(MBO .GT «MB 12 bAND sMBU «NE« MB U2) HM3=(CHORD(3 )+ MLE(3 } =CHURD(L})/
LFLJAT( MdU 2-4BU }
MBUT = MINGIMBU.MBLZ)
CUMBIT = AMINL(CHORD(L} MLE(3)})
00 30 IM=1,480T
30 MV(IM) = FLIAT{IM-MBI }#HML
MBIT = MAXO(MBU,MBL2}
COMBIT = AMAXL{CHORD(L1)MLE(3))
DO 40 [M=MBUT,MBLT
40 MV(IM) = COMBUTH+FLUAT(IM=-MBUT) *HM2
DO 50 IM = MBIT MM
50 MV(IM) = COMBIT+FLUAT(IM-MBIT)#HM3



c
C CALCULATE MISCELLANEOUS CONSTANTS
c
NER(1)=0
NER( 21 =0
PITCH = 2.%3.1415927/FLOAT(NBL)
HT= PITCH/FLUAT(NBBI)
DTLK= HT/LlU00.
UMLR = AMINLQHML,HMZ,HM3) /1000,
BV(1ll = 0.
BV(2) = 1.
BV(3) = —WIFLSP /WTFL
BY(4) = L.+BV(3)
MBIMi= Mo -1
MBIP1= MBI+l
MBOMl= MBU=-1
MBUP 1= MBU+1
MBIZ2M1= MBI2-1
MBIZ2P 1= MBl2+1
MBOZMLl= MBU2-1
MBU2P 1= MBO2+1
MMM1 = MM-1
CP = AR/(GAM=L1.)*GAM
EXPON= 1./(GAM=1.)
TWn= 2 HUMEGA/WTFL
CPTIP= 2.%CP%TIP
TGRUG= 2.%GAMZAR /(GAM+14)
CALL SPLINT(MR yRMSP ,INA SP s MV s MM RM, SAL)
CALL SPLINT(MA yBESP sNRSP ¢MVMM,BEDBDOM)

[ I | I 1)

c

C CALCULATE GEUMETRICAL CunSTANTS

c
CHORL( 2} = CHORDI( L]}
CHURU( 4} = CHJRDU3)
STGRE2) = SIGRIL)
STGRI4) = STGR(3)
MLE{1) = Q.
MLE(<) = 0.
MLE{ 4} = MLEL 3]
THLE( L) 0.
THLE( 2} PITCH
THLE( 4) PITCH+THLEL 3]
RM L1} RM{MBI)
RMNI(2) RM{ MBI}
RMI{3) RMIMBL2Z2)
RMI(4) RMiMBL2)
KMUL L) KM MBU }
RMU( 2) RM{MBU)
RMU{ 3) RM(MBUZ)
RMU( 4) RM{MBO2)

Wonowonononnn

c
C INITIALIZE ARRAYS
Cc
DU 80 1=1,2000
Utikl = 1.
K{I[) = 0.
60 RHULI) = RAJIP
DO 70 IM=1,100
DO 70 SURF=1,4
RHUHB( IMy SURF) = RHOIP
RHUVBL IMy SURF) = RHUIP
70 1TV( IM,SURF) = -10000
RETURN
1000 FORMAT (1H1}
1010 FURMAT (1615}
1020 FORMAT (1X,1€L7)
1030 FORMAT (38F10.5)
1040 FURMAT (1X,8Gl6.7)
1100 FORMAT (80H
1
L110 FURMAT (7Xs3HGAM, 14Xy ZHAR 313X, 3HTIP L2 Xs5HRHOLP 12X y4HATFL 11X 6HA
LTFLSP, 10X s SHOMEGA » 12 X9 3HURF )
1120 FIRMAT (6Xs5HBETAL »1UKs5HBETAU 411X 6HCHORDF 4L1 Xs5HSTGRF 412X,



1130
1140
1150
1160
1170
1180

1190¢
1200
1210
1220
1230
1240
1250

C
¢ PR
c

[aNaX ]

10
20

30

40

16HUCHUR UR 3 LOX ¢ 5HSTGRR 9 12X ¢ 4HMLER 411 Xy SHTHLER)

FURMAT (41K MBI M30 M312 MBUZ MM NBBI NBL NRSP)

FURMAT (5 3HL BLAUE SURFACE 1 -— UPPER SURFACE - FRONT ‘BLADE)
FORMAT {53HL BLAUE SURFACE 2 =-- LOWEK SURFACE — FRONT BLADE)
FUKMAT [52HL BLADE SURFACE 3 -~ UPPEK SURFACE — REAR BLADE)
FURMAT (52HL BLADt SURFACE 4 =-- LUWER SURFACE — REAR BLADE)
FURMAT (TXs2HRIs11+12X,2ARUI1 912Xs4HBETI 311 411X ,4HBETOs11411K45HS
1PLND, [ 1)

FUKMAT (7Xy 3HASP 11y 2X,5HARRAY)

FORMAT (7X,4HTHSP [ 142X, SHARRAY)

FOKMAT ( L6HL MR ARRAY)

FURMAT (7X,11HRMSP ARRAY)

FORMAT { 7X,11HBESP ARRAY)

FURMAT {52HL BLOAT AANDK ERSOR STRFN SLCRD [INTVL SJRVL)
FURMAT (41HL MH,NBBI,NRSP,UR SOME SPLNU [5 TOO LARGE}

END

SUBRUUTINE PRECAL

ECAL CALCULATES ALL REQUIRED FIXED CONSTANTS

CUMMUN SRwsITER y IEND LER(2) 4NER(2)

COMMIN JAUKRHD/ A4 (200U,4),U{2000),K(2000) ,R40(220))

CUMMUN /INP/ GAM,AR,TIP,RHOIP yWTFL yWTFLSP,UMEGA,URF,BETAI,BETAD,
IMBI, MBUMBI2yMBI2 MM, NSBIL 4NBL,NRSP,MRI50)  RMSP {50} 4BESP({5]),
2BLUAT s AANUR » ERSUR » STIF Ny SLLRD o INTVL s SURVL

CUMMON /ULALCUN/ MBIML,MBIPL,MBUML,MBUPL,MBI2ZMLl ,MBI2PLl,MBU2ML,
IMBUZP L yMMM1s HML yHM2 s HM3 4 HT sDTLR sOMLR yPITCH 4CPyEXPUN,THWW LCPT 1P,
2TGROLy TBLy TBOyLAMBUA , TAlL o [ THIN,I TMAX o NIP I MS{4) 4BV {4 ) ,MV(10D),
BIVILOL) o ATVI10C s 4) o TVLL0Q 44) 2D TDMV(LUOD %) yBETAVI1D0,4),
4MH( 100, 4) s OTUMH{ 100+ 4) »BETAH (100 +4) +RMH (10044 ) 4BEHI{1D3 44 ),

S5RM{ 100 )y BE(LOU),LBUMIL1UD) ,SALIL1OU) fAAA(LCD)

INTEGER BLUAT,AANDK,ER SUR,STRFN, SLCRD s SURVL,AATEMP ,SURF,SJURFBY,
LFIRST, UPPER s UPPRBVS1y5ToSRW
REAL K KAK;LAMBODA yLMAX yMH s MLE y MR yMSL yMSP, MV, MV I ML

EXTERNAL BL1,8L2,8L3,3L4%

CALCULATE LAMBUA AND VI

BETAIL BETAL/57.2957179

BETAU BETAOQ/5T7.255779

TBI = SIN(oETAL)/CUSIBETAIL)

TBU = SIN(BETAUW)/CJUSIBETAL)

KHUT = RHOIP

RHUVI = WTFL/BE(MBI)/PITCH/CUSIBETAL) /RMIMBIL)
VI = RHIWVIE/RAIT

LAMBDA = RM(ASII*(VI*SINIBLTAL ) +0OMEGA®RMIMBI})
TTIP = le=(VI*#Z+2.¥UMLGA*LAMBDA—-(UMEGA¥RMI(MBL ) ) %*2}/CPTIP
IF(TTIP.LELD.) GU TU 30

RHUMBIL = RHJIP*TTIP*¥EXPUN
IF{ABS{RHUMB [-RHOT) /RHUIP.LT+ 000001} GO TO &0
RHUOT = HruMBi

GO TD &0

WIFL = WTFL/ 2.

NER(2)= NER(2)+1

ARITEL €, 102001 WTFL

IFINER{2).EQ«10) STOP

Gu Tu 10

VI = RROVI/RHUMBI

LAMBUA = RMIMBI)*(VI*SIN(BE TAL M+ UMEGA*RM( MBI )

C
C CALCULATE MAXIMUM VALUES FUR KHU*W AT LEADING AND TRAILING EDGE

c
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THL = z.*UMEULA*LAMBDA

AA = [ TWL—(IMEGA®*RM{MBL) )&22) JCPTLP
TPP = TIP*{l.-AA)

B8 = TGRUG*TPP
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TTIP = 1.-BO/CPTIP-AA

KRHOT = RHUIP*TTIP*¥*EXPUN

RHOWMI = RHIT*S5QRT(8B)

AA = [ TWL—{JMEGA*RMIMBU2) Y x¥2) /LPTIP
TPP = TIP%(1l.-AA}

BB = TGRIG®TPP

TTIP = 1l.-B3/CPTIP-AA

RHUT = RHUIP#TTIP&«EXPON

RHUWMU = RHIT*SQRT(BB)

CALCULATE VU AND wW-CRITICAL AT BLADE LEADING AND TRAILING ELGE

RHUVO = WTFL /BE(MBUZ2) /PLTCH/COS(BETAO) /RM{MBOZ)

RHOMBZ = RHJIP

TWLMR = TWL-(UMEGA*RM(MBO2) ) *%2

LER(LI=1

DENSTY CALL NU. 1

CALL DENSTY(RHUVU,RHUMBZ ¢ VU» TWLMR,CPTLP,EXPON,RHOIP yGAMy AR, T IP)
WCHI = SURT(TGRUGARTIP#* (1.~ { TWL-(OMEGA*RM(MBL) ) *#%2) /CPTIP))

WCRUO = SYRTITGRUG*TIP*(la—(TWL-(OMEGA®RM({MBOZ) ) *%2)/CPTIP))

CALCULATE B8ETA CURRECTED Tu BUUNDARY A-N AND G-H

TWLMR = TWL-(UMEGA®RM(1))**2
RHIL = RHUMBI
Tell = 1l.EZ0
50 TBIT = (TBI/BE(MBL I*RHUL/RHUMBL + OMEGA* (RMIMBI } *%2~-RM[]1 ) *¥%2 ) *RHO1
L/WTFL*PLTCHI*=BEL L)
IF(ABS(TBIL-TBIT)aLT.«00U0L) GO TU &0
TBIl = TBIT
RHOVI = WTFL/PLTLH*SURTI1e+TBIL*%2) /BE(L)/RM(L1)
LERLL)=2
DENSTY CALL NU. 2
CALL DENSTY (RHUVI JRHULAA yTWLMR,CPTIPyEXPUNyRHUIP yGAM, AR, T LP)
GO Tu =0
60 TBl = T18IT
BTAIN = ATANI(TBLI*57.295779
TWLMR = TWL- {UMEGA¥RM{MM) ) *%2
RHOMM = RHOMB2
TBOM = 1.E20
TO T80T = [ TBO/BE(M3O02)*RHUMM/RHUMBZ + UMEG A* (RM{ MBO2 ) #*#2 -RMIMM ) #%2 ) *
LRHOMM / wTFL*P ITCH ) *3E(MM)
IF (ABS(TBUM-TBOT).LT..00001) GO Tu 8O
TBUM = IBOT
RHUWD = WTFL/PITCH¥*SQRT(Ll.+TBOUM*%2) /BE (MM} /RM{ MM)
LERE1)=3
DENSTY CALL NJ. 3
CALL DENSTY {RHUVU RAUMMAA, TWLMKCPTIP,EXPON,RHULP,GAM, AR, T IP)
GO TO 70
BO TBU = T8AT
BTAUUT = ATAN(TBOI*57,2957179

CALCULATE TV, 1TV, 1Vs UTUOMV, AND BETAV ARRAYS

ITMIN o

ITMAX = NBBI~1
TV, 1TV, AND OTOMV UN BLADES

0o 90 IM=MBI,MBU

LERL 2i=1

BLCD CALL NJ. 1

CALL BLLIMVUIMI,TV(IM, L) ,DTOMVILM,1) INF)

LTVEIM )= INTOCTVEIM, L) #DTLR) /A T)

IF (TVEIMy 1) WGTo—OTLR) ITVIIM, L) =ITVIIM,1)+1

[TMEN= MINO( LTMIN, LTVIIM,11)

LER(2)=2

BLCD CALL NJ. 2

CALL BL2(MVE IM) o TVEEM,2) JUTOMVLIM,Z) oI NF)

ITV(IM,2)= INTC(TV(IM,2)-DTLR) /HT}

IF (TV(IM,2) JLT.DTLR) ETVCIM,2)=ITVIIM,2)-1
90 ITMAX= MAXO( ITHAX, ITV(EMs2)]

00 11U IM=MB12,MBU2

LER(2)=3

65



C BLCD CALL Na,. 2
CALL BL3(MVIIM)sTVIIM,;3),DTOMV{IMy3),INF)
ITVIIM,3)= INTULTVIIM,3)+0TLR}/AT)
IF (TVIIMy3)GTa=uTLR) ITVIIM,3)=ITVIIM,3)+1
IF ( IM.6T ,M3U) GO TQ 1w
TVIEMLZ) = TVIIM,3)+P1LTCH
100 ITMIN= MINO( ITMIN, ITV(IM,3))
LER( 2)=4%
C BLLD CALL NJ. 4
CALL BL4IMVOIM)oTVIIM p4) ;DTOMVIIM,4) ,INF)
ITV(iMy4)= INTUUITVIiM4}-DTLR)/HT)
IF (TV{IMs4) ol TUTLR) ITVIIMy4) =1TVIIM,4) -1
110 ITMAX= MAXOL ITMAX, ITVIIMy4) )
€ ITVY AND Iv UPSTREAM OF FRUNT BLADE
FIRST =0
LAST = NBBI-1
uo 120 IM=1l,MBIM]1
IVIIM) = NBBI#{IM-1)+1
ITVI{IM,1)= FIRST
120 ITVHIM,2)= LAST
C ITV BETWEEN FRJUNT AND REAR BLADES
IF (MBUPL «GT «MBI2M1L) wu TU 140
LAST= [TVIMBIL2,4)
FIRST= LAST+1-NBBI
DO 130 IM=MBOPL,MBIZM1
ITV(IMy3)= FIRST
130 ITV({IM,4)= LAST
ITMIN = MINOCITMIN,ITVIMBUPL ,3))
ITV DUWNSTREAM JUF REAR BLADE
140 LAST= ITVI(MBUZ,4)
FIRST= LAST+1-NBBI
DO 150 IM=M3ULPL,MM
ATV My 3)= FIRST
150 ITV(IM,4)= LAST
ITMIN = MINOLITMIN,ITVI(MM,3))
FINISH CALCULATING IV ARRAY
IVIMBL) = NBBI*MBIML+1
MBOT = MINUIMBU,MBIZML)
IF(MB L .GT MBUT) GO TU 165
DD 160 IM=MBI[,MBUT
160 IVIIM+1) = IVIIMIFITVIIM,2)-ITVIIM,L)#1
165 IFIMBlZ.06TMBU) GU TU LBO
UD 170 IM=M8I[2,MB0
170 IVOIM+1) = IVEIMI+ETVIAM2) =T TVIIM, 3+ ITVIIM, %) =-ITV{IM,1)+2-NBBI
180 DO 190 IM=M30P 1,MM
190 IVEIM#1) = IVEIMI+ETVIIM,4)-1TVvIIM,3)+1
C BETAV ARRAY
DD 200 SURF=1,2
DU 200 IM=MdI,MBD
20U BETAVI IMy SUKF} = ATANIOTOMVIIM,SURF ) *RM{IM) ) *57.295779
Ul 210 SURF=3,4
DO 210 IM=MBIZ,MBU2
210 BETAVL IMy SURF) = ATAN{(DTIOMVIIM,SURF ) *RM(IM}) *57.295779
NIP = IVIMM)+NBBI-1
WRETEL £, 1U30) VIRHUWME y ACRL yBTAIN,VJ,RHUWMD,WCRO,BTAOUT
WRITEL E41040) PLITLHyAToHML yHM2 ,HM3
WRITE( 6, LOSU )} ITTMIN,ITMAX,LAMBDA NI P
WHRITE( €4 1060) (SULF,BV{SURF)} +SURF=1 44
LF(BLDAT.LE.OQ) GuU TU 230
FIRST = MBI
LAST = MBU
WRITE (6, 1070)
DU 220 SURF=1,43,2
I = SURF+1
WHRITE (6, LOBG) SURF L (MVIIM)TVIIM,SURF) ,DTDMV{IM,SJURF),
ITVEIMy T)DTOMVOIM, L )y IM=EIRST,LAST)
FIRST = MBI2
220 LAST = MBuZz
WRITE (6y1090) (IMyMVIIM) 4RMAIM) SALCIM) 4BE(IM)DBDM{IM), IM=1,MM)
230 CUNTINUE

(9]

o
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CALCULATE MH AND DTOMH ARRAYS

o0

ITO = [TV(ly1}
MRTS = 1
MS(1) = 1
MH(1, 1) =
DTOMHL 1, 1)
LER(2)=5
[ BLCD AND RUUT {VIA MHURIZ) CALL NO. 5
CALL MBORIZ(MV o ETV(Ls1) sBLLsMBE M8 0, ITO,HT yDTLR,0,IMS(L),MH{1s 1},
LDTOMH( 1y 13, MRTS)
IF (1TVIMBU, L)-ITVI(MBU,2) +N3BI.NE.2) GO TOD 240
IMSL = IMS(L}+1
MHUIMSLy 1) = MVIMBU)
DTOMH( IMSL,y1) = ~1.E10
IMS( 1) = IMSL
240 [MS(2) = 0O
MRTS = 1
LER{2)}=6
C BLCD AND RUOT (VIA MHURIZ) CALL NOU. 6
CALL MEDR LZ{MV,ITV(1s2),8BL2,MBI yMB 0,0 TO,HT yDTLR,1 ,IMS(2) 4 MH{Ls 2},
1OTDMHL 1, 21 4MRTS)
IMS{3) = ¢
IF (ITWIMBI2,3)~1TVIMBIZ,4)«NEa2.AND.
LITVIMBI2, 41- ITVIMBI2,3).NE.NBBI-2)} GO TU 250
MRTS = 1
IMS(3) = 1
MH{1,3) = MV(MBE2)
DYDMHI 1,3) = 1.EL0
250 LER(2)=7
C BLCL AND ROJT (VIA MHURIZ) CALL NU. 7
CALL MEUR FZ(MV,ITVILy31,80L3,MB12 yMBO 1 TOHT,OT LRI 2IMS (3), MH(Ls3 1),
LOTDMH{ 1, 3),4RTS)
MBUT = MAXO{MBU,MBIZ)
LER({2)=8
c BLCU AND RUUT (VIA MHURIZ) CALL NO. 8
CALL MFUR IZIMV,1TV(1,3),8L3,MB0OT,MB0O2,1TOHT ,DTLR,0,IMS(3],
IMHU Ly 3 1y OTOMHI 1431, MR TS)
IF (ITV(MBO2,3)-1TVIMBU2,4)+NBBI .NE. 2) GO TO 260
IMSL = IMS(3)+1
MHUIMSL, 3) = MVIMBUZ)
UTUMH( IMSL,3) = -1.E10
IMS(3) = IMSL
260 IMS(4) = 0
IF LITVIMBIZ2y3)-1TVIMBIZ,4)aEQe2.0RaITVIMBI2 ,4)~ITVIMBIZ,3).EQ.
INBBI=-2) MKTS = 1
LER{2)=9
o BLLD AND RUJT (VIA MHURLZ) CALL NU. 9
CALL MFIR LZ{MV,ITVIL 41 yBL4,MBI2 yMBOZ y L TOSsHT oDTLR,1 s IMS (4 ),
LMH( Ly 4 )y OTOMHU 1y 4) 4 MRTS)
I = MAXOU IMS(L},IMS(2) s MS(3) 4IMS(4))
IF (1.LE. 100} GU TUu 270
WRITEL & 10004 I
sToe

CURRECT ITV ARKAY FIR OVERLAPPING PURTION OF BLADE SJURFACE 3

0.
= l.E10

[aNzN3]

270 IF (MBI2.GT.MBO) GO TU 290
g 280 IM=MBI2,MBO
Z80 ITV(IM,3) = ITVIIM,3)+NBBI

290 IF(BLDAT.LE.O} GU TO 300
WRITE (6,1110) (IMpIVIIMIoLITVIIM,SURF) sSURF=144),1M=1,MM)

CALCULATE KMhy BEH, ANU BETAH ARRAYS

[aNal ]

300 LF(BLDAT.GT.0) WRITE(6,1120)
00 320 SURF=1,4
CALL SPLINTU(MK ,RMSP sNR SP ¢MH (1 SURF) 4 I MS(SURF)} 4RMH(1 +SURF},AAA}
CALL SPLINTIMR yoESP sNRSP yMA(L,SURF} ,IMSISURF) , BEHI1,SJRF},AAA)
IMSS = IMS(SURF}
IF{ IMSS.LT.1) GO TU 320
DJ 310 IHS = 1,IMSS
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310 BETAHI IHSySURF) = ATAN(ITOMA (IS5, S5URF) #KMH {IHS ySURF) 1 *¥57.295779
IF (BLEAToGT«0) WRITE{6+1130) SURF s (MH{IM,SURF)} RMH{IM,SURF),
1BEH( [MyS5URF) ydETAHLIM, SUKF ) ,DTOMH{ I M, SURF} 4iM=1,IM55)
320 COUNTINUE
IF (BLLAT ZLE«0) GU TO 340
WKRITE (6, 1140)
IT = ITMIN
330 IF (ITLGTLITMAX) Gu TO 340
TH = FLOAT{L TI*HT
WR1lTE (6,1010) IT,TH
IT = [T+1
GO Tu 230
340 IF(NIPJLELZ200U) GU TU 350
WRITE( & 1150)
STuP
350 WRITE (6, 1000}
RETURN
LOU0 FOKMAT ( 1H1)
1010 FURMAT (4X,14,61645)
1020 FURMAT{6UHLINPUT MWEIGHT FLUW (WTFL) [S TOU LARGE AT BLADE LEADING
1EUGE/L1€&H WTFL REDUCED TU,.Gl4.6)
LU30 FORMAT (1HL//77//24X:10HFREESTREAM,BX ,1 3HMAXI MUM VALUE,
17Xy 8HCRIT ICAL 4 30X, 14HBETA CURRECTED/25XoBHVELOCITY 10X ,9HFOR RHU*A
2y LOXy BEVELUL ITY 310Xy L1HTU BUUNJUARY/L XsLTHLEAUING EDGE 8-My 3G18B.5,
312Xy L2PBUUNUDARY A~N,GLlB.5/1 Xl THTRALLING EOGE F-1,3G13.5,12X,
41 2HBUUNUARY G-H+G1l8.5)
L04U FORMAT (////7/75X28HCALCULATEY PRUOGRAM CUNSTANTS/ /53 X,5HPITCH, 13X,
12HHTy 13X, 3HHM1 3 13Xy 3HHM2 4 L3 X, 3HHM3 /1 X45615.7)
1050 FUORMAT (/5Xe5HITMIN LOXeSHITMAXS «X 4[5 sL0X,I5//5X+5SHLAMBDA/ IX 4 Gl6.7
L//f5Ky 23HNUMBER JF INTERIOR MESH POINTS = ,15})
1060 FURMAT {/////7/5X+23HSURFACE BOUNDARY VALUES/ /5 XyTHSURFACE,7Xy2HBYV
L/C 5Ky L4y 4X4F lUW5))
1070 FORMAT { 1HL, €X,62HBLADE UATA AT INTERSECTICNS OF VERTICAL MESH LIN
1ES WITH BLADES)
LO0BU FURMAT {1HL,22Xs13HBLADE SURFACE »I2)15Xy13HBLADE SURFACE,12/7X,
1 LHM o 14Xy 2HTV g L1 X SAITOMY 312 X9 2HTV 4 L1 X 5HOTOMV/ (5GL5.5))
1090 FURMAT [1HLly 13X,44H5TREAM SHEET COORDINATES AND THICKNESS TABLE /
1 2Ky ZHIMy TXy LJHM p 14X o LHR y 13X o34 54L y13 Xy lHB 12X 5HOB/ DM/ (1X, [3,
2 56LlE.5))
1100 FURMAT{34HLUNE OF THE MH ARRAYS IS TGU LARGE/TH IT HAS,15, 84 PuUl
INTS)
1110 FUKMAT (4HL1 IM,9K, BHIV ARHAY 32X ,9HL TV ARRAY/38X,SHBLAUE/3TX,7THSJUR
LFACE, 3Ky LHLy 5Xy LH2y5Xs IH3 95Xy 1HA4 /39X y3HNU /L Xy I345X4110425%,
24( 144 2X)1) )
1120 FORMAT (67THLIM COURDINATES OF INTERSECTIUNS OF HURIZONT AL MESH L INE
1S WITH oLADE)
1130 FURMAT (25HLMH ARRAY = BLAUE SURFACE y12//15X2HMH, 19X, 3HRMH, 19X,
1 3HB EHy 1 BX s SHEBETAH» LT7Xy5HO TIMH /{5G2244) )
1140 FURMAT {43HLTHETA COJROINATES OF HURIZONTAL MESH LINES//6X,2HIT,
15Xy SHTHRETA)
1150 FUOKMAT(48HLTHE NUMBER UF INTERIUR MESH POINTS EXCEEODS 22001

END
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SUBROUTINE COEF

COEF CALCLLATES FINLIT: DIFFERENCE CUEFFICIENTS, A, AND CONSTANTS, K,
AT ALL UNKNOWN MESH PUINTS FUR THE ENTIRE REGION

COMMUN SRwWy ETER o TEND JLER(2) 4NER(2)

COMMUN JAUKIHO/ A{2000+4},U{2000),K(2000) ,RHO(2I0D}

CUMMUN 7INP/ GAM,ARTIP JRHUIP +sWTFL 4WTFLSP,UMEGA,ORF,BETAL,BETAQ,
1MBI. MBU,MB12yMBI2,MM, NBBI yNBL +NRSP yMR(50) +RMSP (50) yBESP(5D ),
2BLDAT » AANDK y ER SOR 4 STRFN, SLLRU 2 INTVL, SURVL

COMMUN /CALCUN/ MB1IM1,MBLPL1,MBUML,MBOPL,MBI2M] ,MBI2P1,MBO2M]1,
IMBO2P L ,MMM Ly HM L ¢ HM2,HM 34 AT yDTLR yDMLR yPITCH 4CP , EXPONTHW ,CPT I P,
2TGROG, TBI s TBU, LAMBDA ¢ THL s I TMIN s I TMAX NLP oI MS[4) BV {4) ,MVI1D0),
SIVEL0L 1 LTV 100 4) s TVELO004+4) 4DTOMVILUO »4) +BETAVI12D,4),
4MHL 100,4) s OTUMH{ 10U, 4} sBETAH(100 +4) RMH(130,4) ,BEH(102,4),

SRM( 100 )y BE(L100),0BDOM(100),SALIL100)} ,AAA{LO0)

CUMMON /HRBAAK/ H{4) oK {4)sBl4) sKAK(4) yKA(4) 4IH(4)RZ,BZ

INTEGER BLDAT,AANDK,ER SOR s STRFNy SLCRD ySURVL,AATEMP ,SJURF,SURFBY,
IFIRST, UPPER) UPPRBV 51 ¢ ST»SRHW

REAL K KAK L AMBDA ¢ LMAXsMH s MLE + MR 4MSL 4MSP MV, MVI ML

INITIALLZE ARRAYS
ITER = [TER+1
IH{1} = 1
DO 10 I=2,4
6 IH(I) =0

IFCITVIMBIZy 3)-1ITVI(MBI2+4)eEQe2) IH(3} =1

IFCITV(MB 12, 4)-1TVIM312+3}.ENaNBBI-2,AND. MBI 2, NE.MBUPL} I[H(3) =
INCOMPRESSIBLE CASE

IF{ GAM JNE ¢ Lo DaURWAR.NE «10U0. s OR. TIP. NE«1.ES) GO TU 20

LEND = 1

GU TO 40

ADJUSTMENT JF PRINTING LUNTROL VARIABLES
20 IFLITERNESL.ANDLITER.NEL2) GU TU 30
AANDK = AANUK-1
ERSUR = ERSJIR-1

STRFN = STHFN-1
SLCRU = SLCRUL-1
INTVL = INTVL-1
SURVL = SURVL-1
30 IF( IENC.NELO) GO TO 40
AANDK = AANDK+2
ERSUR = ERSJIR+2
STRFEN = STRFN+2
SLCRD = SLCRD+2
INTVL = INTVL+2
SURVL = SURVL+Z

FIRST VERTICAL MESH LINE

40 DO 50 IP=1,NBBI
AL 1Py 1) 0.
AL 1P, 2) = Q.
AL IP, 3) = 0.
AL TPy 4) = 1.
S5U KL IP) = HMI*TBL/PITCH/RMIL)

UPSTREAM UF BLADES, EXCEPT FUR FIRST VERTICAL MESH LINE

IF(2.GT.MBIM1) Gu TO 70
DO 60 IM=2,MBIM1
60 CALL CUEFP(iM,;1,2)

BETWEEN FRUNT BLADES

T0 MBOT = MINO(MBO,MBI2M1)
IF(MBIL.GT.MBOT) GU Tu %0
DO BO IM=MBI.MBOT

80 CALL CUEFBBI IMy1,2,1)

9u IFIMBIZ.GT.MBU) GO TU 110

OVERL APP ING CASE

D3 100 IM=MB 12,MBO
CALL CUEFBBL IMy1ls4,1)




160 CALL COEFBBL IMs34244)
GO TO 130

NON - OVERL APP INGW CASE

[zExE 3l

110 LF(MBUPLl.LuT.MBIZ2M1) GO TU 130
00 120 IM=MBOP1,MB12M1
120 CALL CUEFP( 1My 3,4}

BETWEEN REAR BLADES

a0

130 MBIT = MAXOIMBI2,M80P1)
IF{MBIT.6T.MBU2) GU Tu 150
DO 140 IM=MBIT.MBU2

140 CALL COEFBB( IMy 3,4, 3)

DUWNSTREAM UF BLADES EXCEPT FUR FINAL MESH LINE

oo

150 IFIMBUZP1.GT «MMM1) GU TO LT70
DU 160 IM=MBUZPL,MHML
160 CALL CUEFP(1M,3,4)

FINAL VERTICAL MESH LINE

[N gl al

170 IVMM = IVIiMM)
DO 180 IP=IVMM,.NIP
Al IPy 1) = 0.
At IP, 21 = 0.
AL IP,3) = 1,
Al lp|‘|} = 0.
180 K{IP) = -HM3*TBU/PITCH/RMIMM)

TAKE CARE UF PUINTS ADJACENT TU Bs AND CASES wWHEN PUINTS JsCyEy OR F
ARE GRID PUOINTS

[aE s aN gl al

POINT B
Ip = IvinMgiIMl)
Al(lP,4) = 0.
POINT J
IFCITVIMBIZ2, 3)-1TVIMBIZ2,4).NEL2) GO TO 190
IT = [TVIiMBI2+4)+1
P = IPFIMBIZ2ML,IT)
K(IP) = KUIP M+ALTIP,,4)%8VI4)
AL IP, 4) = 0O,
C POINT C
190 IFUITVIMBO,1)-1TVIMBU,2)+NBBI.NEL2) GO TO 200
IT = LTVIMBU,1)-1
IP = [PF{MBUPL,IT)
Al IP,3) = 0.
C PUINT E
200 LFLITV(MBIEZ2,4)-ITVIMBI243)eNceNBBI -2.0R. MB3I12.EQ.MBOPL} GU TO 212
IP = 1viMBIzmMl)
KUIP) = K(IP ) +ALIP,4)*BVI3)
A(IP,4) = 0.
C PUINT F
210 IF ((ITVIMBU 2y 3)-ITVIMB02 14} +NBBL.NE.2) o ANDs (ITV(MBUZ,3}
1-1TViMBD2,4) «NE«2)) GU TO 220
iP = LviMBUZP1)
K(iP) = KIIP)+ALIP,3)%BV(3)
AL IPy 3) = Q.

LINE K-L AND L INE TU RIGHT OF C-D

[aEal ol

220G FIRST = MAXOUITVIMBUPL,3)#NBBI o1 TVIMBU,3))
IPKL = IPF{MHU,FIRST}
IPL = IPKL+1TV(MBU,2)-FIRST
IPCD = IPFI{MBUP L FIKST-N3BI)
230 IFLIPKL.GTLIPL) RETURN
K{IPKRL )} = KU IPKL)+ALLIPKL %)
KO IPCD) = KUIPCDI=-AULLPCD,3)
IPKL = [PKL+1
[PCD = IPCL+1
GU TO 230
END

70



c

SUBRUUTINE CUEFBBULMyUPPERyLUWER ,UPPRBYV)

C CUEFBB CALCULATES FINITe DIFFERENCE CUEFFICIENTS, A, AND CONSTANTS, K
C ALONG ALL VERTICAL MESH LINES WHICH INTERSECT BLADES

C

COMMUN JAUKRHD/ A (2000,4),UL2000),K(2000) ,RHO(200))
COMMUN /INP/ GAMyARyTIP yRHUIP o WTFL yWTFLSP, OMEGA,ORF+BETAL,BETAD,

IMBI,MBU,MBI2,MBU2+sMMyNBBI yNIL »NRSP yMR(50) yRMSP(50) 4BESP(50 )
28LDAT y AANDK, ERSURy STRENy SLCRU » INTVL y SURVL

CUMMON FCALCUN/ MBIML1,MBIPL ,MBUOML,MBOPL ,MBI2ZML MBL2P1,MBO2ZM],

IMBO2P Ly, MMM Lo HM1 yHM 2y HM 3y AT 4O TLR yDMLR yPITCH yC Py EXPONTHAWCPT IPy
2TGRUG, TBLy TOU, LAMBDA » THL oI TMIN L TMAX yNIP oI MS{4 ) BV (%) ,MV(100 ),

3IVI10L ), LTVE 100, 4) o TVILUO04) 4DTOMV (100 441 +BETAV(1D0,4),
4MH{ 100+ 4)»DTOMH{10Us4) yBETAH{LO00»4) sRMH{100+41) +BEH (10D +4),
SRM( LOO),BE(L100),0BUM(1U0),SALLLO0) »AAA(LDO)

10

CUMMUN /HKBAAK/ HU4) sRU4) 4B (4) o KAK(4) sKA(4 ) o LH(4),RZ,BZ
INTEGER BLOAT,AANDK R SUR ¢ STRF N ¢ SLCRO » SURVLAATEMP ,SURF,SURFBY »

LFIRSTyUPPER, UPPHBV,yS1ly STy 5RH

REAL K KAK L AMBDA sLMA X yMH y MLE s MR 4MSL ¢ MSP y MV y MV ML
IFCITVIIMyUPPER ) oGTLITVIIMLUWER)) RETURN

ITVU = ITVIIM, UPPER}
ITVL = ITV{IM,LUWER)
IT = ITVJ - 1

Py IPFLIM, ITVD)

IPL = IPU+ITVL-ITVU
DU 90 IP=1PU,IPL

IT = [1+1

CALL HRB( IMy IT,IP)
DO 10 I=1ls4

KAK{I) = 0.

Katl) =0

C FIX HRB VALUES FUR LINES C-D AND K-L

20

3u
40
50

LF( IMJoNE.,MBIPL) GU TO 20

IFUIT «GEL ETVIIM-1,1)) GU Tu 20
1IP3 = IPF{ IM=1,1T+NBBI)

KU 3) = RHOLIP3)

IF{ IM#1.NEMBJPL) GU TU oU
IF{MBLZP1-MBUP 1) 30430440
IFUIT-ITVIIM,3)) 60,50,50
IFCITLLELITVIIM+L,4)) GO TU 60
P4 = IPFUIM+L,1T=-NBSI)

Rl 4) = RAULLP4)

C FIX HRB VALUES FUR CASES WHERE MESH LINES INTERSECT BLADES

640

70

IF LT EQs ETVIIM,UPPER)} CALL BOHYLZ2{1,IM,IT ,UPPER,JPPRBV)
IF (17T «Ede ITVIIM,LIWER)) CALL BDRYLZ (2 +IMsIT,LOWER,LONER)
[TVML = ITV(IM-1,UPPER)}

ITvPl = LTV{ IM+1,UPPER}

IF ( IM.EQ «MBULANDSUPPERLEQL3) ITWLl = ITVPL+NBBI

IF (IMJ.EJ.MBUPL1) ITVML = ITVvML-NBBI

IF (ITWLT.ITVML1) CALL BDRY34(3,1M,UPPER,UPPRBYV)

IF (LT LT«ITVPL) CALL BORY34(4,IM,UPPERyUPPRBV)

IF( IMoEQ MBI 2ANDLUWER<EQe4) GO TU 70

LF{ IM . EQ +MBOPL.AND o LUWER e EWe 4« AND. MBI2.6T.MBO} GO TO TO

IF {IT.GTITVIIM=1,L3WER)) CALL BORY34(3,IMsLUNER, LOWER)
IFl IM o EW o MBO »ANDSLUWER <EJe 21 GO TU 80

IF (ITGTITVIIM+1,LUWER)} CALL BDRY34 (4,1 MsLOWER, LOWER)

C CUMPUTE A AND K CUEFFICIENTS
B0 CALL AAK( IM, IP)

DO 90 I=1l,4
KEIP) = KCIP J+KAKLL)*ALIP,1)

90 IF(KA( 1).EQa1l) ALIP41) = 0.

RETURN

C CUEFP CALCULATES FINITE ODIFFERENCE COEFFICIENTS, Ay AND CONST ANTS,

Ks
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C ALONG ALL VERTICAL MESH LINES WHICH DU NOT INTERSECT BLADES

c
ENTRY COEFP( IM,UPPER,LUOWER)
ITVU = ITVI{IM,UPPER)
ITVL = [TV{IMsLOWER)
IT = ITvu-1
1PU = 1V( IM)
IPL = IviIM+1)-1
0O 100 IP=IPU,IPL
IT = [T+l
CALL HRBIL IM, IT,IP)
LF (IT.EQ.ITVU) RI1) = RHOLIPL)
IF (ITLEQ.ITVL) R{2) = RHULIPU)
IF{ IMoNE.MBAIP1) GO TO 100
[FCITWGELITV(IM-1,41}) GU Tu 100
IP3 = [PF{IM=1,1T+NgBI)
RE3) = RAULIP3)

100 CALL AAK( IMy IP)

KEIPL ) = KIIPLI+ALIPL,2)
K{ IPU) = KIIPU)-ALIPU,1)
RETURN

END

SUSRUUTINE HREB({IMyIT,IP)

HKB CALCULATES MESH SPACING, H, DENSITIES, RZ AND R, AT GIVEN AND
ALJACENT POINTSy AND STREAM SHEET THICKNESSES, BZ AND B, AT GIVEN
ANU AUJACENT PJINTS

oo 0

CUMMUN JAUKKHO/ AL2000,4),U(2000}),K(2000) ,RHO(200D)

CUMMUN JLALCUN/ MBIMLl,MBIPL,MBOML,MBOPL yMBI2ML yMBI2PLl,MBUZML,
IMBUZP LyMMM 1y HM L yHM2, HM3 yHT yO TLR yDMLR yPITCH sC Py EXPONyTHW,CPT IPy
2TGRIG, TBL,y TOU LAMBDA y THL o L TMEN, I TMAX yNIP,IMS {4} ,BV(4) MV (L0D),
SIVEIUL b ITVE 100, 4) 9 TVILO0O044) 4O TOMV (100 »4) BETAVI12D 441},
4MHL 100, 4) yDTOMH( 10044} yBETAH(100 %) yRMH(10044) 4BEH (102,44 ),
SRM{100),BE(L00),0B0M(100),SALILQO) yAAA(L1CD)

COMMUN /HROAAKYS HO4) R{4) 4B (4) yKAK(4) yKA(4) 4 IH(4)4RZ,4BL
INTEGER BLUATAANIKER SOR ¢ STRF Ny SLCRD y SURVL,AATEMP ,SJURFSURFBY,
LFIRSTy UPPER+UPPRBYV S+ STy SRW

REAL K yKAK gL AMBDA ;LMA X ¢Mri p MLE ¢ MR y MSL s MSP , MV y MV ] M1

Rl L= HT#=RM(IM)

Hl21= FT#RM(IM)

Hl3)= MV{ IMI-MVIIM-1)

Hl4)= MV IM+L)-MV{IM)

RL = RHUL TP

IP3 = IPFLIM=-1,1T)
IP4 = IPFLIM+1,IT)
R{1) = RHOLIP-1)
R{2) = RHOLIP+]1)
RE3) = RHULIP3)
R{4) = RHU(IP4)
8Z= Bkl IM)

Bl 3})= Bel IM-1)
Bl &)= BE{ IM+1)
RETURN

END



SUBRUUTINE AAK( IM,IP)

AAK CALCULATES FINITE DIFFERENCE COEFFICIENTS, As AND CONSTANT, K,
AT A SINGLE MESH PUINT

OO0

CUMMUN /AUKRHO/ A(2000+4),U(2000) +K{2000) +RAU(20DD}

CUMMUN /CALCUN/ MBIML,MBIPLl,MBOML,MBOPL ,MBI2M1 yMBI2PL,MBO2M1,
IMBO2P LyMMM 1y HM L y M2y HM3 4 AT yO TLR sOMLR o PITCH sC PyEXPONTHN, CPT I Py
2TGROGy 1BI, THOyLAMBDA s THL , [ TMIN, [ TMAX ¢NIP,I M5 (%) 4BV (4 ), MV (10D ),
3IVIL0L )y LTVI L0054} s TVLLUD,4) 40 TOMY (100 +4) +BETAV(1ID 44},
4MHE 10+ 4) s DTOMH{ 10094} sBETAH (100 +4) »RMH(100,4) »BEH(10D,4),
SRM( 100 s BE(LUO),UBOMILUO) 4SALIL100) yAAALLDD)

CUMMUN /rikBAAK/ Hi4),R(4),B(4) KAK(4) sKAL4) yIH(4)}4,RL4BL

INTEGER BLUAT,AANDKER SOR s STRFNy SLCRD » SURVLAATEMP,SJRF,SURFBV,
LFIRSTyLPPERy UPPRBY 51 5T SRW

REAL K,KAK L AMBOA,LMA X MH,MLE ¢ MR yMSL +MSP MV, MVIM]L

Al2= 2./HU1)/HL2)

A34= 2./HL3)/HI4)

Al= Alz+A 34

B12= (RIEZ)-RUL)I/RL/IHILI#H(2))

B34= (BlLA)*R{4)-BI3)*R(3)) /BLZ/RZ/H3)+H{4)) -SALIIMI/RMIIM)

ALIPy L) = (24/H{LI+BL2)/AL/(HILI+HI2))

A( IP+ 2) ALZ2/AL-ALIP 1)

Al 1Py 3) (da/HI 34834} /AL/(HI3)HH{4))

Al 1Py 4) A34/AL-ALIP,43)

KEIP) = —TWW*d Z¥RZESALIIMI/ANZ

RETURN

END

[ |

[}

SUBRUUTINE BURY12(1sIM,1TsSURF ySURFBV)

L BDORYLZ CURRECTS VALUES LUMPUTED BY HRB WHEN A VERTICAL MESH LINE
C INTERSECTS A BLADE

CUMMUN FCALCUN/ MOBIML1yMBIPL,MBOML,MBUPL yMBIZML +MBIZ2PLl sMB02M1,y
LMBUZP L yMMM Ly HM L yHM2 4 AM 3, HT O TLR yOMLR yPLITCH 4CP ¢ EXPON,TWW,CPTIP,
2TGRUGy TOIL y TGy LAMBOA y TWL o I TMIN gL TMAX 4NIP oI MS (%) »BV (4), MVILDD )y
IVOLOL b ITVIL10C,4) » TVLL1004+4) ,DTOMV (LU0 4} ,BETAVILID 441,
GMHL 10024} s DTUMHI 1u04s4) +8ETAH{LOO0 +4 ) yRMH{100 y4) yBEH(10D 4 ),
SRM( 100 1yBELLUO) ,0B0OMILU0Y »SAL(LOQY ,AAA(LCO)

CUMMON /RHOS/ RHOHB(10U+4) yRHOVB (100 44}

CUMMUN /HRBAAKY/ HU4)oR{4) 8 (4) yKAK(4) yKALG) yIH{4)4RZ,BLZ
INTEGER BLUOAT,AANDKsER SUR ¢ STRFNySLCRD » SURVLAATEMP ,SURF,SURFBV,
LIFIRST y UPPER, UPPRBV e SL s 5Ty SRHW

REAL K KAK,L AMBOA ,LMA X yMH yMLE y MR ¢MSL 4MSP , MV, MV IML

HUL) = ABS(FLUAT({IT)I*HT-TVIIMsSURF}) #RM{I M)

RUI)= RHUVBIL IMy SURF)

KAK({ 1 }=BV{ SURFBV)

KA(L)=1

RETURN

END

3
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OO0

SUBKROUTINE BURY34(1, 1My SURF , SURFBV)

BORY 34 CUORRECTS VALUES COMPUTED BY HRB WHEN A HORIZUNTAL HEéH LINE
INTERSELTS A BLADE

COMMON /CALCON/ MBIMlyM31PL,MBUML MBOPL ,MBL2ML +MBIZPL ,MBO2M]1,
IMBO2P 1 4MMM 1, HML ¢yHM 2 yHM3 4 HT oD TLR yDMLR ¢PITLH 4C P EXPONSTHW,CPTLP,
2TGROG, TBI + THO, LAMBOA y TWL + T TMIN L TMAX yNIP »IMS (%) o8V (4) MV {100 ),
3IVEL0L s ETVE LUC4) + TVI100,4) JUTOMVELOO 44 ) »BETAV{120,41),
4MHL 100,4) s DTOMH(100,54) 4BETAH(100+4) »RMH{L0044) »BEH (100,441},
SRM( 100 ),8E(1U0),DBUMILU0} . 5ALEL00) yAAALLUD)

CUMMON /RHOS/ RHOHBULOO+4) yRHUVB (100 ,4)

COMMUN /rRBAAK/ HU4) 4R(4)+B(4) yKAKIS) sKALG) yIH(4),RZ B2
INTEGER BLODAT,AANDK ER SUR y STRFNy SLCRD » SURVL,AATEMP ySURFySURFBV,
LFIRST, UPPERy UPPRBVsSL 45T,y SR

REAL KoRAK+LAMBDA ,LMAX yMH y MLE 5y MR yM5L yMSP MV MV I ML

[HESURF)=1HI SURF)+1

IHS=1H{SURF)

HE L }=ABSEMVL IM)-MHIIH S, SURF})

RULI)=RHOHB(IHS, SURF)

BOI)=8EH IHS s SURF)

RAK( [)=BVISURFBV)

KAl L)=1

RETURN

END

SUBRUUTINE SOUR

SUR SULVES THE SET OF SIMULTANEOUS EWJUATIONS FOR THE STREAM FUNCT [UN
USING THE MeTHJU UF SUCCE SSIVE UVER~RELAXATION

CUMMIN FAUKRHU/ A(20U0+4)+UL2000) ,K(2000) 4RHO(200))

CUMMUN /LINP/ GAMARTIP yRHUIP ¢ WTFL yWIFLSP,UMEGA, URF,BETAL, BETAQ,
MBIy MoUMBIZ2,MBUZ,MM, NSBIL s NBLNRSP ,MR{50) 4RMSP (50} ,BESP(5D),
2BLDAT y AANUK y ER SUR y STRFNy SLCRU » INTVL 4 SURVL

CUMMON /CALCON/ MBIMI,MBIPLl,MBUML,MB0PL,MBI2ML ,MBI2PL ,MBO2M],
IMBOZP LyMMM1y HM Ly HM24HM3yHT 4D TLR yOMLR PITCH yCPyEXPON,TWW,CPT I P,
2TGRUG, TBLy T Uy LAMBOA s TWL s L TMIN I TMAX ,NIP I MS{%),BV(4),MVI100),
JIVIIOL ), ITVE L0000, 4) » TVILUO+4) ,0TOMVILOO 44 ) y0ETAVILIO 4 4),
4MH{ 100, 4) yUTOMHU 10U 4) oBETAH (L UO y4) yRMH{LI0 4 4) 4,BEH (122 ,4),
SKME LUO s BELLUGO),UBDMUILO0) »SALILUQC) JAAA(LOD)

INTEGER BLDAT,AANDK 4R SUR » STRFN SLCRD 9 SURVLyAATEMP «SURF4SURFBV »
LFIRST, UPPERs UPPRBVsSL . STy SRW

REAL K ¢KAK sLAMBUA yLMAX pMH y MLE y MR 4M5L 4MSP 4 MV MV I ML

AATEMP = AANDK

IF {URF.GEscs) URF=0.

LF (URF.oTels) GU TU 20

UKF = 1.

URFUPT= Z.

10 URFTEM=URFUP T

LMAX = 0.

20 IF (AATEMP.LT.0) WRITE(6,1U10)

ERRUR = Q.

SOLVE MATRIX EJUATIUN BY SUR, UK CALCULATE OPTIMUM OVERRELAXAT [ON
FACTUR .

P =0

DO 10 iM=1,MM

PU = IVLIM)

IPL = IVIIM#1)-1

IT = [TVl IM, 1)

IE (UM 6T «MBU) LI=UTVIIM,3)

IF {AATEMP GT.U) WRITE(641020) IM.IT

00 100 IP=IP Uy IPL

IFCIToGT LTVIIM 3 4) AND I ToLELETVIIMs3)) IT = ITH+ITVIIM,3)
1-1TV( IMy 4)-1



irL = IP-1
P2 = IP+1
CORRECT IP1 AND (P2 ALONG PERIUDIC BUUNDARLES
IF(IM.GE.MBI sAND s IMaLE MBO2+ AND o [l Ma LE.MBU.OR.IM.GE.MBI2)IGO TG 32
IFCIT EQe ITVIIMy1) DR IT.EQaITVIIM,3)) [IP1L = [PL+NBBI
IFLITEQe ITVIIM2)URITEQaITV(IM,4)) [P2 = 1P2-NBBI
30 IT3 = IT
IT4 = T
CORRECT [T3 AND IT4 ALUNG LINES C-D AND K-L
IF{ IM.NE.MBIPL) GU TO 40
IFCITWLTLITVIIM=-1,41)) IT3 = IT¢NBBI
40 IF(IM.NE.MBD) GO TO 7O
IF{MBIZMBU) 50,504,560
50 IF{IT.CGE.ITVIIM,3)) IT4 = 1T=-NBBI
GD TO 70
60 IF (IT..oT«ITVIIM*1l,4)) [T4 = I T-NBBIL
70 IP3 = IPFLIM-1,1T3)
IP4 = IPF(IM+1,IT4)
IF {ORF.GTa.ls) GU TO 8O
CALCULATE NEW ESTIMATE FUR LMAX
UNEW = ALIPy LIRUCIPLIFALIP 2 1% ULIP2)+ALIP3)*ULIP3)+ALIP4 )*U{IP4)
IF (UNEW.LT.1.E=-25) U(IP)Y = 0.
IF (U{IP).EQ.0.} GO TO 90D
RATIO = UNEW/ULIP)
LMAX= AMAXLIRATIO,LMAXI
ULIP) = UNEW
GD TO <0
CALCULATE NEW ESTIMATE FUR STREAM FUNCTIUN BY SUR
80 CHANGE = ORF¥{K(IPI-ULIP)+A(IP1L)*ULIPLI+A(IP2)*LIP2)+A(IP,3)*
WIIP3)+AL IPy 4)*ULIP4))
ERRUOR= AMAX1(ERRUR yABS{CHANGE)})
UCIP) = Ul P J+CHANGE
90 I[F(AATEMP .LE.0) GO TO 1lul
WRITE (64 1030) LTslP4IPL LP241P3 QP4 (A(IPI),0I=144),K(LIP)
100 1T = IT+d
AATEMP = 0
IF{URF «6To1le ) GU TO 110
URFUPT= 2./( 1. +SURT(ABS(1l.-LMAX)))
WRITE( €, 1040 ) URFOPT
ILF{URFTEM=URFUPT«GTeo 00001l UR.ORFUPT.GTale999) GU TO 10
WRITE (6, 1000)
ORF = CRFOPT
Gu Tu 20
110 IF(ERSUR.GT.C}) WRITE(6,1050) ERROR
IF( ERRUR 4GTe «W0O0UOLl) GU TO 20
IFISTRFNWLE«O) KETURN

[%
C PRINT STREAM FUNCTIUN VALUES FUR THIS I TERATIUN

C

WRITE (b, 1060}
MBIT = MINOIMBU,MBI2M1)
UJd 120 IM =1l,MBIT
IPU = IVIIM])
IPL = IVviIM+]l)-1
ITVU = ITV(IM,1)
WRITE (6,1020) IM,ITVU
120 WRITE (65 10T0) (ULIP)IP=1PULIPL)
IFIMBILZ2.6T.MBO) GU TO Ll40
DO 130 IM=Md 12,MBU
IPU = IVLIM)
IPL = IV(IM)+ITVIIMa4)I=-1TVIIM,1]}
ITVvu = ITVIIMs1)
WRITE (6, 1020) IM,I1TVU
WHITE (6, 1070) (ULIP )} IP=LPU,IPL}
IPU = [PL+1
IPL = 1ViIM+1)-1
IF(IPUWLGTLIPLY GO TO 130
ITvu = ITViIM,3)
WRITE (6, 1020} IM,ITVU
WRITE (64 1U70C) (ULIP),IP=IPU,IPL)
130 CUNTINUE
140 DO 150 IM=MBOP 1,MM
IPu = IViiIM}
IPL = IV(iM+1l)-1

75



76

o Cco0

C
C
c

ITVvU = ITviiM,3)
WRITE (641020) IM,ITVU
150 WRITE (651070} (ULIP),IP=1PU,IPLI}

RETURN
1000 FORMAT {(1HL)
1010 FORMAT (82HL IT ir el P2 i3 I P4 Afl)

1 Al 3) Al4) K)
1020 FURMAT(SH IM =,[4,6X,6HITL = ,14)
1030 FOKMAT(1X, 14,516,5F 10.5)
1040 FURMAT(24H ESTIMATED UPTIMUM URF =,F9.6)
1050 FURMAT(8H ERRUR =,F1ll.8)
1060 FURMAT(1H1,10X,22HSTREAM FUNCTION VALUES)
L1070 FUOKMAT (2Xs10F13.8)

END

SUBHUUTINE SLAX

AlL2)

SLAX CALLS SUBRUUTINES TO CALCULATE RHO*W-SUB-M THRUOUGHUUT THE REGION

AND ON THE BLADE SURFACES, ANU TO CALCULATE AND PLOT THE
STREAML INE LJCATIONS

COMMON /AUKRHU/ AL200044) »ul2000),K(2000) ,RH0O(200D)

CUMMON ZINP/ GAM ARy TIPRHUIP yWTFL s WTFLSP,UMEGA,URF,BETAIL,BETAQ,

IMBI+MBU,MB12,MB02,MM,NBBI ,NBL ¢NRSP,MR{50) ;RMSP(50) 4BESP(5D1},

2BLDAT y AANDKy ERSUR, STRFEN s SLCRD  INTVL, SURVL

COMMON /CALCONY MBIM1,MBIP1,MBUML,MBOPL,MBI2ML ,MBI2P1,MBO2M],
IMBU 2P L yMMM 1y HML 9 HM2 s HM3 9 AT U TLR yUMLR yPITCH yCPoEXPUN sTWr , CPT I Py
2TGRUGy TBI » TBU» LAMBUA s TWL o L TMIN I TMAX yNIP I M5(4),BV(4),MV(100),

SIVI10L 0 LTV 100 4) s TVILCO»4) 2D TOMV (100 o4} +BETAV(1D0,4),
4MHL 100, 4), DTUMHI LU0, 4) JBETAHILO0 +4) yRMHI100,4) +BEH(1JD,4),
S5RM( 100 ), 3ELL10Q0),DBUMILGO) ,SALLLOQ) ,AAA(10DO}

CUMMUN /SLA/ TSLUBOO) ,UINT(8I

UIMENS IUN MSLLL10O) yKKK{L8),P(4)

UIMENS IUN wl 2000) yRWM{2000) »8ETA{2000) +WMB (100 +4) »WTB{102,4),

1XDOwNL €00 ), YACROS( 800

EQUIVALENCE (A(LyL)yw(Ld) o {ALL+2) KM (L)) 4 {ALL 3),BETA(L)),
HA(Ly 4)ynMBU L) 1o {AL40L+4) s WTO (1)) (A(BOL 44} ,XDOWN(L)Y,

Z(K( 1)y YACKOS(1))

INTEGER BLDAT,AANDK ER SURy STRFNy SLCRD » SURVL,AATEMP ySURF,SURFBY,

LFIRST» UPPER s UPPRSVsSLe STy SRW
HEAL K KAK LAMBUA ,LMAX MH y MLE ¢ MR ¢yMSL sMSP MV, MVIML
DATA (KKR{J ) yJd=4,18,2)/8%id%/

CALL SLAVP AND SLAVBB THRUUGHOUT THE REGION

ITvu= ITV(1l,1)
ITvL= ITv(1, 2}
DO 10 iM=1,MBIM1
10 CALL SLAVPUIM,ITVU,ITVL)
MBOT= MINO(MBO,MBI2M1)
IF (MB[.oT.MBUT) GO TOU 30
U0 20 IM=MBI,.,M80T
i= 0
20 CALL SLAVBBIIMs1s2,1,1)
30 [F (MBUPLl.GT.MBI2M1) GO TO 50
1Tvu= ITV(MBUOP1,3)
ITVL= ITVIMBUP L,4)
D0 40 IM=MZUPL,MBIZ2M1
40 CALL SLAVP(IM, ITVU,ITVL)
50 IF (MBI2.GT.MBU) GU TU TU
U0 60 IM=Mol 2,MBO
i= 0
CALL SLAVBB( IMsLy4sl,s1}
60 LALL SLAVBBUIM,3,244,1)
70 MBOT= MAXO(MBUP1,MBIZ)
IF {(MBUT.GT.MB02) GO TU 9u
DD 80 IM= MBOT,.MBOZ2
I= 0



C
c
C

zEzlnl gl

[aEsNalgl

BU CALL SLAVBBILIM,3,443,1)
90 ITvu= ITVI(MBUZ2P1,3])

LIvL= ITVviMBU2PL1,4)
DO LU IM=MBOZ2P1,MM

100 CALL SLAVPUIM,ITVU,ITVL)

PL

110

1000

1010 FORMAT (2HPL +40X, TOHSTREAMLINES ARE PLOTTED WITH THETA ACROSS THE

SL

OT STREAML INES

IF (SLCRU.LE.Q) RETURN

DO 110 IM=1,MM

MSLOIM) = MVIIM)

KKKil) = 7

KKK(2) = 8

KKK{3) = MM

P(1}) 1.

PL3} 0.

P{4) 0.

WRITE{ € 1000)

CALL PLUTMY(MSL +TSL+KKKsP}
WRITE( € 1010}

RETURN

FUORMAT ([ 2HPT y»0X, L 6HSTREAMLINE PLUTS

nonn

ILPAGE AND M DUwN THE PAGE)
END

SUBRUUTINE SLAV

AV CALCULATES HHU¥W-SUB-M THRUUGHUWLUT THE REGIUN AND ON THE BLADE

SURFACES, AND CALCULATES TH: STREAMLINE LOCATIOUNS

SL

CUMMUN SRWs I TER y LENDSLER(2) yNER{ 2}

CUMHUN /AUKRHI/ A{2000,4),0t2000),K{(2000}) ,RHO(Z200D)

COMMUN ZINP/ GAMAR yTIPRHOIP yWTFL s WTFLSP,GMEGA+ ORFyBET AL, BETAD,
IMB1,MBO,MBI2,MBO2,MMyNBBT ¢ NS LoNRSP s MR(50) yRMSP(50) +BESP(5D 1},
2BLOAT s AANDK s ER SUR s STRFN s SLCRU y INTY L s SURVL

CUMMUN /CALCUN/ MBIML,M8IPLl ,MBUML ,MBOPLl ,MB12M]1  MBI2PL,MBDZ2ML,
IMBU 2P LyMMMLy HM L, HM2, HM 3, HT 4D TLR yDMLHK sPITCH yC Py EXPONTHW,, CPT I P,
2TGRUG, TBL » TBU LAMBDA y T WL o L TMINoE TMAXGNIP oI MS (%) 4BV (%) yMV{1001),
SIVIIOL Y, LTV UG 4) p TVILOQ 24} oI TOMVIL U0 o4 ) »BETAVILIOD 44) s

GMHE LUQ s 40 s DTUMHE LUO %) +3ETAHLLUD %) »RMHILOO 44 ) yBEHILOD 44 )y
SHM( 10U )y BELLU0),00UMIL00),SALILOO) JAAA(LUD)

COMMUN /SLAS TSLLBUD) ,ULNT LB

DIMENS IUN T53PL 50) 4 USP L50) y0WTI50) »TINTIB)

DIMENS lud Wil 2000) yWML2000) +BE TA(2000U) yWMBILOD 44 ) yWTBILID4)
LXDOWNL E0Q ) YALROS( 800)

EQUIVALENCE (A(LyLl)yW (1)) (AL 20 RWMILI) oElALL,3),BETALL)}),
LACLey 4 )y WMBE L) bsLAL40L 34) 4 WTBLL) )5 (AIBOL ;4) s XDUWNI{L) ),

20K{ 1}y YACRUS(1))

AvP CALCULATES ALUOGNG VERTICAL MESH LINES WHICH DU NOT

INTERSECT BLADES

10

ENTRY SLAVPULIM,ETVU,ITVL)

LuC= 0
i1 =20
Ni= 8

NSP= LTVL—-ITVU+2

IP = IViIM)-1

Du 10 IT=1,NSP

P = 1P+l

TSPUIT) = FLOAT{IT+ITVU-1)#*HT
USPLIT )= utlie)

USPINSP) = USP(1l)+1.

IP = IVIM)

INTU = INTILULLP )I*5,.)

IF (UL IP)GT ale) INTU=INTU+]

77



78

c

DU 2u J=1,5
UINT(J) = FLOATUINTU) /5.
20 INTU = INTU+1
UINT(6)= BV 4)
30 IF (UINT(6).GE.ULIP)) GO TO 40
UINT{6)= UINT(6)+1.
GU TU 30
40 IF (UINT( 6).LE.ULIP)+1.) GU TO 50
VINT{6)= UINTI6)-1.
Gu TO 40
50 UINT(7)= UINT{1)
UINT(8)= UINT(L)
GU TU 100

C SLAVBB CALCULATES ALUNG VERTICAL MESHLINES WHICH INTERSECT BLADES
c

aXaNglsl

ENTHY SLAVBB({IM,UPPER sLUWER,UPPRBV,I1}

INTEGER bLODAT,AANDK+ERSOR, STRFN, SLCRO »SURVL,AATEMP,SURF,SURFBY,

LFIRST s UPPER,UPPRBV s S1l + STy SRH
REAL K yKAK L AMBDA sLMAX yMH ¢ MLE ¢ MR s MSL o MSP 4 MV, MVIML
Luc= 1 .

ITVUPl = ITVIIM,UPPER])
ITVLM1 = ITV(IM,LOUWER])

ITVU = ITvuPi-1

ITVL = LTVLM1+1

NSP = ITVL=-1TVU+1

TSPUL) = TVLIMsUPPER)
TSP{NSP) = TV{IMsLUNWER)
USP(1) = BV{UPPRBV)

USPINSP) = dVILOKWER)

WP = [PFCIM, ITVUPL)-1

NSPMLl = NSP-1

IFL2.GT.N5PM1) GU TO 70

DU 60 1T=2,N5PM1

P = [P+l

TSPUIT) = FLOATLIT+ITVU-1)#HT
U USPLITE = JllP)
70 I1= 1

I= I1+1

UINT( I )= 8VIUPPRBV)
INTU = INT(UINTLI)*5.)
IF (UVINTL 11.GE.0Q.d INTU=INTU+L
80 I = I+1
UINT({I) = FLUATCINTU) /5.
INTU = INTU+1
LF (UINTCL}aLTBVILUWER)}} 6O TO 80
UINTLI )= BVILJWER)
IF(LOAWER-UPP ER .NE.1) GU TO 90
1 =7
UINTUL) = BV (4)
90 UINT(B) = BVILUWER)
NI= =11
IF {NL.EQ.7) NI = 8

FOR BOTH SLAVP AND SLAVBB, CALC ULATE RHU*m-5UB-M IN THE REGION,
RHU*W AT VERTICAL MESH LEINE INTERSECTIUNS UN THE BLADE SJRFACES

10U CALL SPLINE( TSP ,USP NSP,LUDT,AAA)
FIRST= (1-LOC)*ITVU+LUC*ITVUPL
LAST = (1-LUC)=ITVL+LUC*]ITVLML
IF(FIRST.GT.LAST) GO TO 120
IT = LUC
IPU = IPFLIM,FIRST)
IPL = IPFLIM,LASTY)
00 119 IP=IPU,IPL
IT = [T+l
110 RWM{ IP) = DUDTULTIEWTFL/BE (IM) /RMITM)
120 IF (LOC.EW.0) GO TO 130
WMBLLIM,UPPER } = DUDT{ L)*WTFL/BELLM)/RMLIM)
WMB(IM,LIWER } = DUDTUNSPI*WTHL/BE(L M) /RM{IM)
RMOTUZ2 = (RMUIM)*=DTOMVILIM, UPPER) J¥*2
RMOTL 2 = (RMUIMI*DTUMVIIM,LOWER) }*%2
IF (RMDTUZ.6T.10000.) WM3({IM,UPPER) = O.
IF (RMOTL 2.6T.10000.} WM3(IM)LOWER) = Q.

AND



130

140

WMB(IM,UPPER )} = ABS(wWMB(IM,UPPER)) *SQKT (1. +RMDTUZ)
WHB( IMsLJWER ) = ABSIWMB(IMyLUWER) ) *SURT(Ll . +RMDTLZ2)
IF (SLCRD.LE 4O} RETURN

Il = J11+1
LCALL SPLINT(USP TSP sNSPsUINTIIL) oNI ,TINTUIL) JAAA)
I2 = NI#l1-1

DU 140 J=11.12

= (J= 1 MM+ M

TSLL b= TINT(J)

IF LUPPER +Ed o1 s AND s LUWER s EWe 4) RETURN

IF (LA EQ«1l) WRITELG,1000)
WRITE( &y LOLU) MVIIM), (UINTOJ) o TINTLI) yd=148)
RETURN

1000 FUKMAT(LHL////30Xs22HSTREAMLINE COORDINATES////5Xy12HM COORDINAT E,

130 7Xy LOHSTREAM FN« 1LOX,S5HTHETA y4X) / /)

L1010 FURMAT(1lX,76L8.T/019Xy05184T1)

cooan

[aEz X 3]

s NN gl

END

SUBRUUTINE TANG

TANG LALCULATES RHO®*W-SUB-THETA AND THEN RHU*W THROUGHUUT THE REGION
AND UN THE BLAUDE SURFACES, AND CALCULATES THE VELOCITY ANGLE, BETA,
THRUUGHOUT THE REGIUN

CUMMUN SRwe LTER o IENU yLERL2) yNER(2)

CUMMUN JAUKR HO/ A(20U0,4),U(2000),K(2000) yRAO(2J0D )

CUMMUN /INP/ GAMyARsTIPyRHULP y WTFL y WTF LSP yUMEGA,ORF,BETAL, BET AO,
IMBL, MEBUyMB L2 yMBUZyMM ,NOBL ¢ NBL + NRSP 4 MR(50) RMS P (50) ,BESP(50),
2BL DAT y AANUOKy ER SOKy STHFNy SLCRD oI NTVL, SURVL

CUMMUN /LALCUN/ MO IML,MBIPLl,MBUML,MBOPL,MBI2M]1 4MBI2PL,MBOZML,
IMBO 2P LyMMMLy HML y M2y HM 3o HT yUTLR UMLK yPITCH yCPyEXPUNTWW ., CPTIP,
2TGRUGy 1B TBO LAMBDA s TWL I TMIN, I TMAX yNIP I MS (4 ) ,BY (4),MVI100 ),
3IVELG L)y LTVE100,4) s TVLLOO0,4) 4DTOMV(LO0 y4) yBETAV (L]0 4410,
4GMHL 100, 4) yDTUMHELUO 4 ) yBETAH(LOOD o4} yRMH (10044} +BEH(10D,:4 1),
SRM{ 10U )4BELLQU),UBDMIL00) +SALI100) ,AAA(1DO)

DIMENS [UN SPMLL100) 4yUSP (100} ,DUDM(LVO)

DIMENS ION Wl 2000),RAWM(2000) ,BE TA{2U00) yWMB ({120 +4) ,WTBL1DD,4),
LXDUWN( 80U ) YACRUS( 8OO}

EQUIVALENCE (AL L)Wl L) h o (ACL2) sRWMLL) ) LALL 43 ),8ETA(L)),
MMACLya)eWMBL L) Vo (ALGUL 94) v WTB L)) o LALBOL o4 ) 4 XDOWN(L) Dy

2(K{ 11y YACROS(L})

INTEGEH BLUAT ;AANUK  ER SUR s STRFN, SLCRO y SURVLAATEMP ,SJURFSURFBY,
LFIRSTy UPPERy UPPRBW ¢SL 4 ST+ SRwW

REAL K KAK oL AMBDA,LMA X yMH s MLE s MR yMSL ; MSP ¢ MV, MV [ ML

LJGICAL ADULL ,ADD

EXTERNAL BLL ,8L2,BL3,BL4

PERFOKM CALCULATIUNS ALUNG ONE HORI ZUNTAL LINE AT A TIME

IT = LTMIN

LU IF (IT .GT.ITMAX) RETURN

ADDL = JFALSE.
ADD = JFALSE.

i = 1Ir
S1 =0

ON THE GIVEN HUKIZONTAL MESH LINE, FIND A FIRST POINT IN THE REGION

IFIIT.CEsUAND o ITaLTaNBBI) GU TO 60
IM = MBIM1

20 IM = [M#]

ITVL = ITVIvBU.3)-NBBI

IF{MBLZabTMBO) ITVL = 1 TVI(MBOPL +3)

IF( IM oEQ oMB] dAND @ I TaGE Sl TVIANDS ITo LE.ITV(MBU,2)=N8BI) GO TO 200
IF{ IM.GT.MBO 2P L) GO TO 200

DO 40 SURF=1,342

IF (IM 6T sMBU.AND. SURF.EQ.L1} LU TO 40

ITVIML = LTVIIM=-1+5URF)
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80

[N eyl
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[aN e gl

IFISUKF.EQ +3,AND, IM2EQ.MBOPL) ITVIML = I[TVIML—-NBBI
IFCITISOE «ITV(IMs SURF) bAND 2 I TI«LTaITVIMLY GU TO 70
40 CUNTINUE
SURF = 1
IF( IMoEQuMBOP L oAND I TLEQ.L TV(MBU 1 ) =1 ANDLITVIMBU,1 }-LITVI(MBO,2)
I#NBBL.EQ.2) GO Tu TO
U0 50 SURF=244,2
IF (IM £ .MBI2.ANDsSURF.EQ.4) GU TU 50
IF (ITWLEITV(IMySURF ) sANDLITeGTal TVIIM-1,SURF)) GO TU 70
50 CONTINLE
GO TO <0

FIRST POINT IS ON BOUNDARY A-N

60 IMl= 1
M =1
SPMIl) = MV 1}
USP (1) = U IT+1)
Gu Tu EO

FIRSYT POINT IS ON A BLADE SURFACE

70 S1 = SURF

ITi = IT
ADD = JFALSE.

IF (ADDL «+AND,S1.EQ.3) ADD = oTRUE.

IF (ADD) IT1=IT-NBBI
IML = IM-1
iM2 = M
TH = FLOATUITI }*HT
IF (S1.Eue3.AND.IML1.LT.MBU) TH = TH-FLOAT(NBB1)*HT
MVIML = MVIEIML)

IF ({ IMoEQ«MBIPLoANDe { SURFEQal s ORe SURFL.EQe2) ) ¢ ORa (IM.EQ.MBI2P1
leANDol SURFEUWo3.0ke SURFabUed))) MVIML=MVI ML+ (MV{IM2)-MVIML)/1200.
LERLZ)=10
BLCD (vIA RUUT) CALL NU. 10
IF (S1.EdeleAND.IML.NEMBU) CALL RODT(MVIML,MV(IM2) ,TH,BL1,DTLR,
LANS, AL A)

LERE 2)=11
BLLD {VvIA ROUT) CALL NO. 11
IF (5lebhe3sANDIM1.NEMBOZ) CALL ROUT(MVIML ,MV(IM2)4+TH,BL3,DILR,
1ANS+AAA)

LER( 2)=1Z
BLCD (VIA RJUT) CALL Nu. 12

IF (S1.Ede2) CALL ROUT(MVIMLMV(IM2) +TH4BL2,DTLR,ANS,AAA)

LER( 2)=13
BLLD (VIA RIOT) CALL NU. 13

IF(S1.EQ.4) CALL RUOT(MVIML,MV(IMZ2) ,TH +BL% ,DTLR,ANS,AAA)

IF(S1.EQaL.AND. IMLLEQM3U) ANS = MVIMBO)
IFISL4EQe3.ANDLIM1.EQ.MBU2)} ANS = MVIMBO2)

SPMIIM1) = ANS
USPLIM1)= BVISL)

MUVE ALUNG HURLZUNTAL MESH LINE UNTIL MESH LINE INTERSECTS BOUNDARY

80 ITIi= 11
90 ITveZ = 1TVIMBU,3)
IF (MBI2.GT.M80U) ITVZ = [TV(MBOPL1,3)+NBBI
IF (IME"d +MBUP 1eAND oI TeGEITV2.AND [ Te LEITV(MBU,2)) ADD=.TRUE.
IF (ADLC) ADDL = 4TRUE.
iF (ADLC) ITI=I1T-NBBI
IF (ADLC+AND«Sl+EQ«3) USPLIML)=BV{S1)+l.
IF {IMJATMBIWURGIMeGToM3UZ) 50 TU 120
DU 100 SURF=143,2
IF (IMeLE oM3d [24ANDWSUKFeEWL3) GU TU 100
IF (IMoEd o IMZoAND. S1aEde4 s ANDe SURFL.EQe3}) GU TO 10D
ITVIML = ITVIIM-1,5U%F)
IF ( IM.EJ MBUP 1+AND.ADD) ITVIML = ITVIML-NBBI
IF (ATI.LToETVIIM,SURF ) eANULITI4GE.ITVIML) GU TO 140
100 CONTINUE
SURF = 3
IFQ IM oEQ MBI 2.AND o ITeEQeI TVIMBIZ ¢3) =10 AND. ITV(MBIZ 43 )-ITV(MBIZ,4 )
1.EQ.2) GJ TO 140
VO 110 SURF=2y4.+2



IF {IM.GT-MuD.AND.SURF.EC.2) GO TO 110

IF (TM.EQ.TH2.8ND,51.EQ. 3. AND.SURF.EQ.4) GO TO 110

ITVIME = ITV({IM-1,SURF}

IF (IML.EQ.MBIIP1LAND.ADE) ITVIML = ITVIMI-NBARI

IF (ITE.GT.1TVIIMySURF) . ANDLITI.LE.ITVIML) GO TO 140
110 CONTINUE
120 SPMLIM) = BV{IM)

IP = IPFLIMITIY

usetmM) = ulie)

IF (ADD} USP(IM)} = USP(IM)+1l.

IF (IMLEQ.MM) GO TO 130

IM= [M+]

GO TO 90

FINAL POINT IS On BOUNDARY G-H

[xEzNal

130 IMT = MM
GO 10 150

FINAL POINT I5 ON A BLADE SURFACE

[2Xalal

140 ST = SURF

IMT=10M 2

IMTHI= IMT-1

TH = FLOAT{ITI) *HT

IF (ST.EQa3.AND.IMT.LEMBO) TH = TH-FLOAT(NBBIE }#HT

MVYIMD = MVIMT+L)

IF ((IMTMLLEQ.MLI) ANCL{STLEQ.L.OIR.5T.EQG.2))
1 MVEML = MVIML+(MV{IMT)-MVIME)/L000.

IF ((EMFML.EQ.MBI2)«AND.(5T.FQ.3.0R.5T.EQ.4%).AND.

1 CETVIMEIZ2.3)—TTVIMEI2:4)FO.2.0R.ITVIMBI2+4)-ITVIMBIZ2,3).EQ.
2 NBBT=2)) MyIML = MVIMI+(MV(IMT)-MVIML1)/1000.

LER(2)=14

C BLCD (VIA RUOT) CALL WNO. 14

TF(ST. POl ANULIMT.NFOMBIICALL ROOT(MVIML,MVILIMT),,TH,BL1,
1DTLAANS,, AAA)D

LER(2)=15

c BLCD (VIA 00T CALL NO, 15
TFEST.FOL3.ANL. TMTNE . MBI2)CALL ROUT{MVIML 4 MVIIMT),TH,BL3,
1DTLRyANS,AAA)
LER(2)=186

cC BLCy (VIA RUOT) CALL NO. 16
[F{5T.E0.2)CALL RUOT(MVIML,MV{IMT),TH,BL2,DTLR,ANSAAA)
LER(2)=17

C BLCOD (VIA PLUT) CALL NO. 17

TF{5T.CQa4)ICALL RUOT{MVIML,MV{IMT) 4 TH,BL4,DTLR 1ANS,ARA}
TF{aTaFQelaANULIMTLEQLMBIY ANS = MVIMBI)
IF(ST.FD. 3. ANDLIMTLEQLMBI2) ANS = MVIMBI2)

SPMIIMT) = ANS

USP(IMT)= OW(ST)

TF(STLEUL 3L ANDLIMTLLELMBU) USPLIMT) = BVI4)

[FLADDY USPLIMT) = USPLLIRTI+1.

IF (S1.FQ.3.AND.ST.EQ.2) USPLIMLY = BVI(SL)+1.

IF (51.F0.3.ANDLSTL.EDL3) USPIIMLY = BV(Sli+1l.

CALCULATE RHO#w=5Ub=THETA AND THEN RHU=W AND EETA IN THE REGION

[a2alal

150 NSP= IMT—IME+]l
CALL SPLIME(SPMUIMLY s USPIIMI)NSPDUDMIIMLY,AAALTIML))
FIRST=1
IF (IM1.NCG.1) FIRST=1M2
LAST= MM
IF (IMT.NE.HM) LAST=[NMTML
IF (FIRSTL.GF.LAST) GD TO 170
ITI = IT
IF (FIRST.GT.MBUGPLLANCLALD) ITI=IT-NBBI
00 160 I=FIRSTLAST
IF LADD.ANDLILEQ.MBOPL) ITI=TT-NRBI
RWT = =DUDMIT)*WTFL/BECT)
IP = IPFII,ITI)
WIIPY = SORTIRWT#=24+RWM(IP)==2)
160 RET*{IP) = ATANZ (RWT,RWM{IP))#57.295779

C CALCULATE RHO#W UM THE BLADE SURFACES

170 IF (IML.EQ.L1l) GuU TO 1BO

CALL SEARCH (SPM(IML1}.S51.[HS)

ANS = ~DUDM{IML}*WTFL/BEH([HS,S51)

WIRIIHS 510 = ALSIANS)#SURT(1l.+1./ (RMHLEHS,5L)%DTOMH{IHS 51} )m=2)
180 IFLIMT.EQ.MM) GU TO 2C0

CALL SEARCH (SPMUIMT).ST,IH5)

ANS = —DUDM{IMT)=*WTFL/BERI [HS5,5T)

WT(IHS,5T} = ALGSIANSI®SORT(L.+1./(RMH{IHS,STI*DTUMHIIHS,5T))==2)
190 GO 1O 20
200 1T = IT+1

GO 70 10

END

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
LT0
171
172
173
174
175
176
177
178
179
180
181
laz2
183
184
185
186
187
188
189
150
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211

180

214

218

222

226

258

279
283

286
295
301
307
313
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SUBRODUTINE SEARCH (DIST,SURF,IS)
c
C SEARCH LOCATES THE POSITION OF A GIVEN VALUE OF M IN THE MH ARRAY
c

COMMON JCALCUNY MBIML,M3IP1 ,MBOML,MBOPL 4MBL2ML yMBIZ2P1l,MBOZML,
IMBO 2P L MMM 1y HM 1 yHM2 yHM3 yH T 0 TLR yDMLR yPITCH 4C Py EXPON T AW, CPTIP,
2TGROGy, TBL s TBO s LAMBDA y TWL I TMI N, I TMAX ;NIP, I M5(4% ), BV (4], MV(100),
3IVE101), ITV(100+4) yTV(100,4) ;0TOMVILO0 +4) +BETAV (120,41},
4MH{ 10044) , DTOMH{ 100,%) ,BETAH (100 44) +RMH(100,4%} yBEH(100,4),
5RM{ 100 ),BE(100),DBDM( 100) ,SAL(100C) +AAA(LOO]}
INTEGER BLDAT,AANDK,ER SOR, STRFN, SLCRD ; SURVL,AATEMP ,SURF,SURFBV,
LFIRSTy UPPERy UPPRBV, 51,4 5T4SRHW
REAL K sKAK,LAMBDA s LMA X yMH y MLE y MR yMSL s MSP y MV, MV I ML
DO 10 I=1,1luo0
IF (ABSIMHIUL,SURF}-DISTI.GT.DMLR) GU TO 10
Is = 1
RETURN
10 CONTIMUE

WRITE (6,1000) DIST, SURF
sTOP

1000 FORMAT (38HL SEARCH CANNOT FIND M IN THE MH ARRAY/TH DIST =,Gl4.6,
L10Xs 6HSURF =,Gl4.6)
END

SUBRUUTINE VELOCY

VELOCY CALLS SUBRUUTINES TO CALCULATE DENSITIES AND VELOCITIES
THROUGHOUT THE REGIUN AND ON THE BLADE SURFACES, AND IT PLOTS
THE SURFACE VELOCITIES

OO0 0

CUMMON /AUKRHU/ AL2000,4),U{2000) ,K(2000) ;RHO{200D)

CUMMON /INP/ GAMsARTIP,RHDIP yWTFL ,WTFLSP,0OMEGA,ORF,BETAI, BETAD,
IMB8[,MBO,MBI2,MBO2,MM,NB3 1 yNBLNRSP,MR(50} yRMSP(50) ,BESP(50),
2BLOAT, AANUK ¢ ER SOR y STRENy SLCRD » INTVL y SURVL

COMMUN /CALCON/ MBIML,MBIPL ,M30ML,MBOP1 MBI2M] MBI 2PL, MBOZML,
IMBOZP L yMMM1y HM Ly HM2,HM 3, HT 4O TLR yDMLR yPITCH ,C Py EXPON,THWW,CPTIP,
2TGRIG, TBI s TBUs» LAMBOA » TWL o L TMIN, I TMAX ,NIP I MS{4) , BV (4) ,MV (100},
BIVE10L )y ITVI 100+ 4) s TVIL00,4) ,DTOMV (100 +4) +BETAV(1D0,4),
4MH{ 100, 4} yOTUMH{100,4) +BETAH(100 %) +RMH{1004+4) 4BEHILDD 141,
SRM( 100 ),BE(100),DBDM(100) ,SALILOQ) ,AAA(100)

DIMENS ION KKK{18)

OIMENS ION Wl 20001} ,RWM{2000) ,BE TA (2000} ,WMB (100 44) ,WTB{100,4},
LXDOWN{ 800 4, YACRO S¢ 800)

EQUIVALENCE (A{Ll,1)yW(1)) s (A(L+2) RWMIL)),(A(L,3),BETA(L}D,
HACLr 40 WHBL L))o (AC401+4) yWTB (L) )4 (AUBOL +%) o XDOWN(L) ),

2(K{ 1) YACROS(1))

INTEGER BLUAT,AANDK,ER SUR ¢ STRFN, SLCRD y SURVL AATEMP ,SURF,SURFBY,
LFIRST, UPPER,UPPRBV, 51, 5T, SRH
REAL K oKAK L AMBDA yLMAX yMH 3 MLE ¢ MR yMSL yMSP y MV, MV M1

UATA KKK{ 41}/ IH*/ ,KKK{ 6} /LHO/ +KKK{B) /LH=/ JKKK{10)/LH(/,

IKKKE 12 M/ LH+/ JKKK{ 1 4) /LHX/ yKKK{16) /IHSS JKKR (LB )/ 1H)/

CALL VELP, VELBB, AND VELSUR THRUUGHOUT THE REGION

2NN 2]

CALL VELP(LlsMBIML,1,2)
IF i{MBI2.GT.MBU) GU TO 10
CALL VELBBIMBI,MBIZ2ML,1,2)
CALL VELBB(MBIZ2MBU,1,4)
CALL VELBBI(MBLZ2,MBO,3,2)
CALL VELBBI(MBOPL1,MB02,3,4)
GU TO Z0
10 CALL VELBB{MBI, MBO,1,2)
CALL VELP(MBOPL,MBIZML,3,4)
CALL VELBBIMBIZ/MBOZy3,4)
20 CALL VELP(MBO2P 1yMM,3,4)
CALL VELSUR

PREPARE INPUT ARRAYS FUR PLOT OF VELOCITLES

[xNalal

IF (SURVL «LE«Q) RETURN
NP2 = 0
c SURFACES 1 TU 4 - TANGENTIAL COMPOMNENTS
DO 50 SURF=1,4
NP1l = NP2



C

c
c
Cc

anoo

IM55 = IMS{SURF)
IF{ IMSS.LT.1)
ud 30 IHS=1, IMSS

GU TO 40

IF (ABS(DTUMH{ IHS, SURF)*RMH (IHSySURF) ). LT« .57735) GO TO 30

NP1l = NPL+1

YACROS(NP 1) = WIB(IHS, SURF)

XDUWN(NPL) =
30 CONTINUE
40 KKK{ 2% SURF+1) =
50 NPZ = NPL

MH{IHS, SURF}

NP 1l-NP2

SURFACES 1 AND & - MERIDIUNAL COMPUNENTS

DO Bu SURF=1,2
NP1l = NP2

IF (MBIP1.GT.MBUML) GU TO 70

DO 60 IM=MBIPLl.,M

BOML

IF (ABS{UTOMVIIM,SURF) *KM{1M) }oGT.1.7321) GO TO 63

NP1l = NPLl+1

YACROSINP L) =

XDUWNI{NPL) = MVI
60 CUNT INUE

IM)

WMB ( [ My SURF )

70 KKK 2¥SURF+9) = NP1-NP2

80 NP2 = NP1

SURFACES 3 AND 4 - MERIDIONAL COMPONENTS

DU 11U SURF=3,4
NP1l = wP2

IFIMBI &P 16T .MBDO2M1) GU
DO 90 IM=MBI 2P1,MBUZM]

TO 100

IF (ABS(DTOMVUIMySURF)I*RM(IM))}aGTa1la7321) GU TO 90

NPL = NPLl#+l

YACKOSINP L) =

XKDUWNIWP L) =
90 CONTINUE

Mvi

M)

WMB ( IMy SURF )

100 KKK{2*SURF+9) = NPLl-NPZ2

110 NP2 = NP1

PLUT VELUCITIES

KKK( L1}
KKK 2]
P = 5,
WRITE( €+ 1000)

1
8

CALL PLJUTMY( XUOWN,YACRUS KKK4+P)

WRITE( & 1U10}
RETURN

1000 FURMAT{ 2HPT, 5UX:24HBLADE SURFACE VELOCITILES)
1010 FURMAT [ 2HPL 37X, 63HVELUCITY (W)

1{M) UOWN THE PAGE

22HPL ¢ 5CXy 50H+ —
32ZHPL  5CXy 50H* =
42HPL 9 5CXy SUHX -
S52HPL » 50Xy 50H0 -
62HPL ¢ 50Xy 50HS -
T2HPL y 5CXy 50H= -
82HPL 4 50Xy 50H) -
92ZHPL » 5CX,y SUHL -
END

SUBROUTINE VEL

BLADE
BLADE
BLAUE
BLADE
BLADE
BLADE
BLAULE
BLADE

f2HPL/

SURFALE
SURFACE
SURFALCE
SURFACE
SURFACE
SURFACE
SURFACE
SURFACE

vS.

BASED
BASED
BASED
BASED

» BASED

BASED
BASED
BASED

ON
ON
ON
ON
ON
ON
ON
ON

MERIDI ONAL
TANGENTL AL
MERIDIONAL
TANGENTI AL
MERIDIONAL
TANGENTIL AL
MERI DI ONAL
TANGENTI AL

MERIDIONAL STREAMLINE DIST ANCE

CUMPONENT /
COMPUNENT /
COMPONENT /
CUMPONENT /
COMPONENT /
CUOMPONENT /
COMPONENT /
COMPONENT )

VEL CALCULATES DENSITIES AND VELOCITIES FROM THE PRODUCT OF
DENSITY TIMES VELOCITY

COMMON SRWy ITER » IEND s LER(Z) s NER{ 2)
COMMBN /AUKRHI/ A(2000,4),U(2000]),K(2000) ,RHU(200D)

CUHMMUN /INP/ GAM,AR ¢TIP ,RAOLP yWTHL 4 WTFLSP,0OMEGA, ORF,BETAL+BETAO,

IMBI,MBU/MBI2,MBOZ,MM, N8B [ s NBL 4NRSP,MR{50) ;RMSP(50) ,BESP(50),

2BLDAT, AANDK y ERSOR » STRFN) SLCRD o INTVL s SURVL

83
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CUMMUN /CALCUN/ MBIML,MBIP1,M30OML,MBOPLl,ME12ML yMBIZPL, MBO2ML,

IMBO 2P 1 4MMMLy HM Ly HMZyHM 3y HT yD TLR yOMLR yPITCH yC Py EXPONTWW ,CPT I Py
2TGROG, TBL, THUyLAMBUA s TAL I TMIN,I TMAX,NIP ,I MS(4) ,BV(4),Mv(100),
JIVOLI0L Y, LTVI 1UC,4) » TVILOQO,44) yOTOMV{LON 44) 4BETAV(LOD,41),
4MH(100,4)yUTDMHI 100 24) JBETAH (100 44} yRMH(L0044) +BEH (10D 44 ),
SRM{ LU0} BE{100),0BDM(L00),SAL(LO0I JAAA(LUUI

CUMMUN /RHUS/ RHUHBLLUOs4) 4RHOVB (100 041}
DIMENS ION WWLRM{100,4) yWWCRT(LO0 o4) +SURFL(100y4)
DIMENS IUN W{ 2000} ,RWM{2000) 4BE TA{2000) ,WMB (100 +4) +WTBI1ID+4),

1XDOWN{ EVO }» YACRUS( BUO)

EQUIVALENCE (A(1ls1d,W{Ll)} (ALl 42),RWMIL))+(AIL +3),BETALL)),

LACLy bswMBL L)) g lALA0L y4) yWTBULLE ) o {ALBOL y4) s XODCWN(L) ),
2{K( 1)y YACRUS{1))

VELP CALCLLATES ALUNG VERTICAL MESH LINES WHICH DO NOUT
INTERSECT BLADES

10

20

ENTRY VELP(FIRST,LAST,UPPER,LOWER]

INTEGER BLDAT,AANDK,ER SUH 3 STRFNy SLCRD» SURVLyAATEMP ,SURF,SURFBY
LFIRSTyUPPER, UPPRBV,51 ,ST,SRNW

REAL K sKAK,L AMBDA JLMA X yMH  MLE y MR sMSL ¢ MSP s MV, MV I ML

IF (FIRST «GTLLAST) RETURN

IF (FIRST+EQ.lANDSINTVLGT.0) WRITE (6,1000)

IF (FIRST.EQ.1) RELER = .0

DO 20 IM=FIRST,LAST

PU = IVIIM)

IPL = IPU+NBBI-1

THLMR = 2.%0MEGA*LAMBDA—(OMEGA®RM{I M) ) %2

LER(1])=4

DU 10 IP=IPU,IPL

DENSTY CALL NU. 4

CALL DENSTY{W(IP} RHULIP} 4ANS s TWLMR CPTIPEXPON,RHULIPyGAM, AR,T IP)
WlIP) = ANS

IF {INTVL «LE &0D) GU Tu 20

WRITE (69 10L0) IMy(W(IP) BETALLIP),IP=1IPU,IPL)}

CONT INUE

RETURN

VELBB CALCULATES ALONG VERTICAL MESH LINES WHICH INTERSECT BLADES

30

AL

ENTRY VELOBBIFIRST,LAST,UPPER ,LOWER)
IF (FIRST «GT JLAST} RETURN

IF (FIRST.NE.MBL) GU TO 30
SURFLIMBL, 1) = 0.

SURFLIMBI .2} = 0.
SURFLIMBEZy3) = 0.
SURFLIMBIZ2,4) = 0.

DU 70 IM=FIKST,LAST
ITVU = ITVY{IM,UPPER)
ITVL = ITV(IM,LONWER])

IPUPL = IPF(IM,ITVW)

IPLML = IPF{IM,ITVL)

THLMR = 2.%JMEGA*LAMBDA-{UMEGAXRM(T M) ) #%2
WCR = SURAT(TGRUG*TIP#{le-TwWLMR/CPTIP))

IF {ITVL.LT.ITVU) GO TO 50
ONG THE LINE BETWEEN BLADES

LERL{L)=5

Ul 4U IP=I1PUPL,IPLML

DENSIY CALL NU. 5
CALL DENSTY{W(IP),RHOULIP) yANSyTWLMR CPTIP,EXPUN,RHOIP,GAM, AR, T [P)

40 Wl IP) = ANS

IF (INTVL.LE .0} GU TO 50
WRITE (65 1010) UM {WCIP) JBETALIPYyIP=1PUPL ,1PLML)}

ON THE UPPER SURFACE
50 RHUB = RHUVB(IM,UPPER)

LER( L)=6

DENSTY CALL Nu. ©

CALL DENSTY{ WMBU{IM,UPPER) (KHUVBIIM,UPPER) sANS s TWHLMR,CPTIP,
1EXPONy RHU IP ¢ GAMs AR, TIP }

WMBUIM UPPER } = ANS

WAWCRMU IMy UPPER) = WMB (IM,UPPER] /WCR

IF (1M +EQ eMB1.UR +{IMeEQaMB12.ANDUPPERLEQ.3)) GO TO 60
DELTY = TVIIM=-1,UPPER)=TV(IM,UPPER)
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IF (IM.EQ.MBUP1.AND.UPPER.EQ.3) DELTV = DELTV-PITCH
SURFL( IM; UPPER)} = SURFLIIM-L,UPPER) + SQRT({MVIIM)-MV(IM-1))%%2 +
LIDELTV #{AMIIMI+RML IM-11) /2. )%%2)
60 RELER = AMAXL{RELER,ABS({(RHUB-RHOVB{IM,UPPER))/RHOVBIIM,UPPER) )]
ON THE LOWER SURFACE
RHO8 = RHOVB{IM,LOWER)
LER{LI=T
DENSTY CALL NO. 7
CALL DENSTYIWMBALIM,LOWER) RHOVB( LM, LOWER)} sANS s TWLMRCPTIP,
LEXPUN, RHO 1P, GAMyAR, TIP )
WHBL IM,LOWER ) = ANS
WWCRM{ IM, LOWER )} = WMo (IM,LOWER}/HWCR
IF (IM.EQ «MB I1UR(IM.EQ.MBI2.AND.LUWER.EQ.4}) GO TO 70
DELTV = TVIIM-1,LOWER}=-TV(IM,LOWER)
SURFL( IMy LUWER) = SURFL{IM-1,LOWER}) + SQRTUCMVIIM) =MV (IM-1))*%2 +
HDELTVH(RMLUIM)+RM{ IM-1))/2.0%%2)
70 RELER = AMAXL{RELER,ABS{ (RHOS—RHOVB(IM,LOWER)} }/RHOVB{IM,LOWER) )} }
RETURN

VELSUR CALCULATES ALONG A BLADE SURFACE

ENTRY VEL SUR

D0 90 SURF=1.4

IMS55 = IMS(SURF)

IF( IM55.EQ.0) GO TO 90

DO 80 IHS=1, IMSS

TWLMR = 2.%0MEGA*LAMBUA-[OMEGA*RMH [ IHS ;SURF) ) #%2

HCR = SURTI(TGROG*TIP* (l.~TWLMR/CPTiPI))

RHUB = RHOHB{ IHS.SURF)

LER(1)=8

DENSTY CALL NO. 8

CALL DENSTY{WTB({IHS,SURF) RHOHB{IH Sy SURF) 4ANS yTWLMR ,CPT I[Py

LEXPON, RHI IP , GAM,AR ,TIP )}

WTBl IHSy, SURF) = ANS

WWLRT{ IH5 SURF I = WTBIIHS,5URF)/WCR
BO RELER = AMAXLIRELER yABS((RHUB=RHOHB(IHSsSURF) 1/ RHOHBIIHS ySURF) })
90 CONTINUE

IF (RELER4LT..0Cl) L1END = [END+1

WRITEL 6, 1080) ITER,RELER

WRITE ALL BLADE SURFACE VELOCITIES

IF (SURVL «LE.O} RETURN

WRITE( &, L020)

WRITE( €& 1040) (MVIIM)sWMB{IM,1) ,BETAVIIMy1) ,SURFL(IMs1),
IWWCRM IMy 1) WMB U IM,2) yBETAVIIM,2) » SURFLUIM2) 1 WHCRMIIM,2),
2IM=MB I MBO }

WRITEL €, 10302

WRITEL £ 10403 (MVIIM) ,WMB{IM3) ,BETAVIIMy3)SURFL(IMs3),
LAWCRML IMy 30, WHBLIMy4) yBETAVIIM 4 ) SURFLIIM %) s WHCRMIIM,4),
2IM=MB12,MBUZ)

WRITEL & 1050)

DU 100 SURF=1,4

IM55 = IMSU{SURF)

IF{ IM55.LT.L} GO TO 100

WRITE( € 10601 SURF

WRITEL & 1070) (MH{IHSy SURF ) +WTB{IHS5+SURF) s BETAH[ IHS ySURF),
IWWCRT L LHS s SURF ) » [THS=1, IMSS)

100 CuNTINUE

RETURN

1000 FORMATU(1HL1///74%0Xs34HVELOCITIES AT INTERIOR MESH POINTS//)

1010 FORMAT(LHL y3HIM=y13,5(24H VELOCITY ANGLE (DEG) )/
H5Xy5{Gl5.49FFe2)))

1020 FURMAT(LHL// // 16X,y 1H* 418X y4SHSURFACE VELOCITIES BASED ON MERIDIONA
IL COMPUNENTS ¢43Xy LH* /16X pLH* 353 X 4LH* s56X,1H*/16X ,1H*,19X,L5HBL ADE
2SURFACE 14 19Ky 1H* 20K, 15HBLADE SURFACE 2421lX LH*/TX 4LHM,BXy Lt¥, 2(3
3Xs BHVELOC L TY y 3X» 23HANGLE (DEG) SURFs LENGTH5Xs5HW/ WCRy6X,1H%,3X) )

1030 FURMAT(// /16Xy 1H*, 19Xy 15HBLADE SURFACE 3 419X ,1H¥,20X,15HBLADE SURF
LACE 4y 21X s LH*/TXy 1HMy 8XpLH* 42 (3 X BHVELOCITY,3X 23HANGLE(DEG) SJRF,.
2 LENGTHy 5Ky SHR/WCR » 6Ky LH® ,3X) }

1040 FORMAT(LH +G13+4+3H #,612.44F9:2+2615.4,6H * 1Gl2.44F9.2,
12G15¢443H *)

1050 FORMAT{L1HL////3Xs49HSURFACE VELOCI TIES BASED ON TANGENTIAL COMPONE
INTS)

1060 FORMATI//22X,15HBLADE SURFACE I1/7X,1HM,10X,8HVELOCITY,3X, LOHANG
LLE(DEG )y 3Xs SHW/WCR }

1070 FURMATI(1H ,2G1l3.,49F9.2,615.4)

1080 FORMAT(L4HLITERATION NO.,13,3X,36HMAXIMUM RELATIVE CHANGE IN DENSI
LY =4G11.4)

END
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C

SUBKUUTINE BLCD

C BLLD CALCULATES BLADE THbTA COURDINATE AS A FUNCTION OF M

C

c
c
c

[aR ¥l

oo

CUMMON SRws I TER » IEND,LERLZ) yNER(2)
COMMON /INP/ GAM,AR,TIP,RHULP yWTFL s WTFLSP,UMEGA,URF,BETAI,BETAD,
IMBLyMBU,MBE2,MBO2,MM, NBS1 yNSL ¢+ NRSP yMR{50) +KMSP(50) , BESP(50),.
2BL DAT y AANDUK » ER SOK o STREN SLURD o INTVL» SURVL
COMAUN /CALCUN/ MBIM1,M3IPLl,MBOML,MBUPL,MBI2ML ,MBI2PL,MBO2M]L,
IMBO 2P LyMMM 1y HM Ly HM2HM3 4T yOTLR yDMLK yPITCH +CP,EXPUN,THW,CPT P,
2TGRUG, TBIL, TOU,LAMBDA y TWL s I THIN, L TMAX yNIP 41 MS(4) 4BV (4),MV{10LD ),
3IVEL01 ), LTV LUQ»4) s TVIL00,41 ,DTOMV 100 +4) yBETAVILI0 441},
4MHU100,4) sUTOMHI 10U 4) 8ETAN{100+4) yRMH{L00,4) 2BEH{10D 44 ),
SkM{ 100 ),BELLU0),UBUM{L00) +SALLLOQ) JAAA (10O}
CUMMON /GEUMIN/ CHORD(4) ySTGR(4) sMLE (4) y THLE (4) yRMI(4) +RMOL4),
IRIC 4, RU( 4}y BETL(4),B8ETO(4) yNSPI {4} +MSP{50 %) » THSP (50 44)
CuMMUN /BLCDCM/ EM{5U,4) s INITI4)
ENTRY oL 1{M,THETA,DTDM,INF)
INTEGER SLOAT,AANDKyER SURy STRFNySLCRY » SURVL,AATEMP ,SURF,SURFBY,
LFERSTy UPPER, UPPRBVySLly STy SRW
REAL KsKAK L AMBDA JLMA X sMH » MLE o MR 4MSL 4MSP s MV, MVI ML
REAL ™ MMLEs MSP MM, MMM SP
SURF= 1
SIGN= 1.
Gu TO 10
ENTRY BL2{(M,THETA ,0TOM, [NF)
SURF= 2 3
SIGN= -1.
Gu Tu 10
ENTRY  BL3(M,THETA,OTOM, INF)
SURF= Z
SIGN= le
Gu Tu 10
ENTHY  BL 4(M,THETA,UTOM, INF)
SURF= 4
SIGh= =1.

10 INF= 0
NSP= NSPILSURF)
IF (INIT{SURF).EQ.13) GU TO 30
INIT{SLRFI= 13

INITLAL CALCULATIUN UF FIRST AND LAST SPLINE POINTS ON BLADE

AA = BETICSURF)I/57.295779
AA = SIN(AA)
MSPLL, SURF) = RI(SURF)*{1l.~5IGN*AA)
BB = SWRTHL le-AA%&Z2)
THSP({1,S5UKRF} = SIGN*BU*kL ( SURF) /RMI (SURF)
BETI(SURF I = AA/BB/RMI{SURF)
AA = BETULSURF1/57.295779
AA = SIN{AA)
MSPINSPySURF) = LHURD{ SURF }=-RO{SURF) #{1.+SIGN*AA)
BB = SQRT{ l.-AA®%2)
THSP{NSP s SURF) = STGR{SURF ) +SIGN*BB*RC(SUKRF) /RMUISURFI
BETULSWRE) = AA/BB /RMO[SURF)
DO 20 IA=1,NSP
MSP{LA,5URF)= M5P (1A, SURF ) +MLE [SURF)
20 THSPUTA,SURF )= THSP{IA,SUKF)+THLE{SURF)
CALL SPLAZ2(MSP(1,SURF ), THSP (L SURF ) yBETL (SURF I yBETO(SURF)1NSP,
1 AAA, EMU Ly SURF )
LF(BLDAT.LE.Q) GO TO 30
IF (SURFeEWal) WRITE(6,1000)
WRITEL €, 1010} SURF
WRITE (6, L0201 (MSP(LA,SURF} 4THSPIIASURF) sAAALLAY ,EMUIASSURF),
LIA=1,N5P)

BLADE CUURDINATE CALLULATION

30 KK = 2
IF (M.CT.MSP{Ll,5URF)) GU Tu 50

AT LEADINC EVDGE RADIUS
MMLE= M-MLE{ SURF]}
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IF (MMLE.LT.—-DMLR) GO TG 90
MMLE= AMAXI1{ 0. ,MMLE}
THETA= SURT{MMLE*(2.*RI(S5SURF)~MMLE) ) *S5IGN
IF (THETA.EJ.0.) GO TO 40
RMM= R I{ SURF )-MMLE
OTDM= RMM/THETA/RMI{SURF)
THETA= THETA/RMI(SURF ) +THLE [ 5URF)
RETURN
40 INF= 1
DTOM = 1.ElO*5IGN
THETA= THLE( SURF)
RETURN

ALONG SPL INE CURVE

50 IF (M.LE.MSP(KK,SURF)) GO TO 60
IF (KK «GE 4.NSP} GO TO 70
KK = hK#l
GU TO 50
60 5= MSP KKy SURF )=MSP(KK~-1, SURF)
EMKM1= EM{KK=1,SURF)
EMK= EMIKKySURF)
MSPMM= MSP (KK, SURF )M
MMM 5P= M~MSP(KK~1,SURF)
THK= TFS5P (KK s SURF) /S
THKM1= THSP(KK=1,SURF) /S
THETA= EMKML*MSPMM*%3/6./5 + EMK*MMMSP##3/6./5 + [THK—EMK*5/6. )%
IMMMSP+ (THKML-EMKM1#*5/6. ) ¥ MSPMM
DTDM= ~EMKM1*MSPMM*%2/2./5 + EMK*MMMSP*%2/2,/5 + THK-THKML~-{ EMK~
LEMKM1)*5/ 6.
RETURN

AT TRAIL [Nb EUGE RAUIUS

70 CMM= CHORD(SURF }#MLE(SURF)-H
IF (UMM.LT.-UMLR) GU TO 90
CMM= AMAKX1(0.,CMM)
THETA= SQRT{CMM*{2,#RU[SURF}-CMM}) «SIGN
If (THETA .EQ.0.} GO TU 80
RMM = RO{ SURF 1-CMM
DTUM = —RMM/THETA/RMO( SURF )
THETA = S5TGR{SURF )#+THE TA/HMU(SURF) + THLE (SURF)
RETURN
80 INF= 1
DTDOM = —1.E10%SIGN
THETA= THLEL SURF }+STGRISURF)
RETURN

ERRUR RETURN

90 WRITE(&,1030) LERL2),MySURF

sTop

1000 FURMAT (1H1l, 13Xs33HBLAUE DATA AT INPUT SPLINE POUINTS)

1010 FORMAT (LHL 517X, 16HBLADE SURFACE (1 %)

1020 FORMAT (7X , IHM 10X, 5SHTHETA 10X, 10HDERI VATIVE 5X,10HZND DERIV. /
1 4G15. 20)

1030 FORMAT (14HLBLLD LALL NU.,E3/33H M CODRDINATE IS NOT WITHIN BLADE/
14H M =,6l 4.6+ 10Xy 6HSURF =,G14%.6)
END

FUNCT ION IPF(IM,IT)

COMMON /INP/ GAM,AR,TIPRHUIP»WTFL 4WTFLSP,UMEGA+ORF,BET AL, BETAD,
IMBIyMBOsMBI2,MBO2,MM,yNBBI yNBL+NRSP,MR(50]) ,RMSP {50} »BESP{50 ),
2HL DAT » AANUK ¢ ER SOR s STRFN s SLCRD # INTVL , SURVL

COMMON /CALCUN/ MBIML,MBIPL,MBOML,MBOPL,MBI2ML ,MBI2PL,MBOZM]1,
IMBO 2P 1 yMMM 1, HM1sHM2,HM3 s HT D TLR sDMLR yPITCH ;C Py EXPON,TWHW,CPT P,
2TGROGy TB1 ¢ TB Oy LAMBOA y THL o L TMIN I TMAX yNIP ,IMS (4} 4BV (4 )MV (100},
3IVE101 3, ITVI10044) , TV(100,4) ,DTOMVILOD »4) yBETAV(1I0,4),
4MHI100,4)  DTOMH(100,4) yBETAH(LOO0 y4) ¢RMH (100,41} yBEH(10),4),
5RM{ 100 ),3Ej100),0BUMI100},SAL(100) ,AAA{10D)

IPF = IVOIMI+IT-ITVEIMsL)-1TV(IM,3)=-10000

IF{IM4LT MBI 2.0R ., IM.GT.MB0} RE TURN

IPF = IVOIM)+LT~ITVIIM,.1)

IFUITJGE« ITVEIM,3) ) IPF = IPF-ITVIIN3)+ITVIIM,4)+]

RETURN

END
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Subroutine MHORIZ

Subroutine MHORIZ calculates the m-coordinates of intersections of all horizontal
mesh lines with a blade surface. It locates points of intersection, by checking the ITV
array (see main dictionary). ¥ ITV changes between adjacent vertical lines, there must
be a horizontal mesh line intersection between those vertical lines. ROOT is called to
calculate the m-coordinate of the intersection. The input arguments for MHORIZ are as
follows:

MV array of m-coordinates of vertical mesh lines
ITV same as ITV of main dictionary, but for a particular surface

BL subroutine giving blade 6-coordinate as function of m (BL may be BL1, BL2,
BL3, or BL4 in the calling statement. These are the entry points of BLCD.)

MBI value of IM at first vertical mesh line to be checked

MBO value of IM at last vertical mesh line to be checked

ITO value of IT at the origin of coordinates at leading edge of front blade
HT mesh spacing in 6-direction

DTLR tolerance in 6-direction

KODE code variable to indicate whether blade surface is upper or lower; KODE = 0 for
upper blade surface, KODE = 1 for lower blade surface

MRTS integer switch indicating infinite slopes at leading or trailing edge of a blade sur-
face
The output arguments for MHORIZ are as follows:

J counter indicating current number of intersections of horizontal mesh lines
with a given blade surface

MH m-~coordinate of intersection of horizontal mesh line with blade

DTDMH slope df/dm where horizontal mesh line meets blade
The internal variables for MHORIZ are as follows:

M vertical mesh line number

ITIND counter of horizontal mesh lines which intersect blades between two consecu-
tive vertical mesh lines

MVIM MYV at left end of horizontal interval

T1 @ -coordinate of horizontal mesh line which intersects blade
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SUBRUUTINE MHURIZAMV, ITV,BL MBI yM80,1 TOyHT yOTLRyKODEJyMH, DTDMH,
1IMRTS

MHORIZ CALCULATES M COORDINATES OF INTERSECTIONS OF ALL HORIZONTAL
MESH LINES WiTH A BLADE SURFALCE
KODE = 0 FOR UPPER BLADE SURFALE
KODE = 1 FOR LOWER BLADE SURFACE

OO0 Oo0O

CUMMUN SRW, ITER o IENDyLERIZ) 4 NER{ 2)
DIMENS ION MVI100),ITV(LOQ) 4MH(LOO0) 4D TOMA (10D
INTEGER BLUDATsAANDUKER SUR y STRFNy SLCRD y SUKVL,AATEMP sSURF,SURFBV,
LFIRSTy UPPER, UPPRBV+51 STy SRW
REAL K KAK oL AMBDA yLMA X gMH y MLE y MR yMSL yMSP s MV, MVI ML
REAL MVIM
EXTERNAL BL
If (MBI.GE.MBO) RETURN
M= MBI
10 ITIND= O
20 IF (ITVUIM#L)-ITVIIMI-ITIND) 30,40,50
30 J= J+l
Ti= FLOATCITVUIM#L)-1TO-LTIND+KODE ) #HT
ITINO= ITIND-1
MVIM = MVIIM)
IF (MRTS5.EWQ.1) MVIM = MVIM&(MVII ML) —-MVIM) /1200,
CALL RUUT (MVIMyMVIIM+L) »TL,BL,OTLRyMH{J) ,DTOMH(J})
GO Tu éo
40 IM= [M+l
MRTS = 0
I[F (IM.Ed sMBO)} RETURN
GU TO 10
50 J= J+l
Ti= FLUATUITVIIM)=LTU+ITIND+KOUE)*HT
ITIND= ITINO#1
MVIM = MVIIM)
IF (MRT5.EQel) MVIM = MVIM&(MVIM-L) =MVIM) /1000
CALL RUDT (MVIMyMVIIM+1) yTL4BLOTLRyMH(J) ,0TOMH(J))
GO TUu 20
END

Subroutine DENSTY

Subroutine DENSTY calculates the subsonic relative velocity W and corresponding
density p that result in a given value of the mass flow parameter pW. This is done by
using equations (B5) and (B6), which are an algorithm based on Newton's method.

If the value of pW is too large, there is no solution. In this case an error message
is printed, W a and the corresponding density are calculated as output, and the program
continues. Thus, it is possible to get an approximate solution even though there may be

one or two points with too large a value for pW. The input arguments for DENSTY are
as follows:

RHOW oW

RHO initial estimate for p (p;  may be used)
TWLMR 2w\ - (wr)?

CPTIP 2¢ T

P in
EXPON 1/( - 1)
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RHOIP p:

in
GAM ¥
AR R
1
TIP Tin
VTOL convergence tolerance on relative change in W

The output arguments for DENSTY are as follows:

RHO p
VEL w

The internal variables for DENSTY are as follows:

RHOT newly calculated estimate for p
RHOWP  d(pW)/dp (eq. (B4))

EMP  (x/7 )@/ @D

TGROG  2yR/(y + 1)

TTIP T/Tfm

VELNEW newly calculated estimate for W

SUBROUTINE DENSTY{RHUWsRHUOsVEL » TWL MR ,CPTIP,EXPCN,RHOIP ,GAM, AR, T IP)

DENSTY CALCULATES UENSITY ANU VELOCITY FRGM THE WEIGHT FLOW PARAMETER
DENSITY TIMES VELOCITY

ocooo

COMMON SRW, ITER y LEND,LER{Z] +NER(2Z2])
VEL = RHIW/RHI
IF (VEL.NE.O.) GU TO 10
RHO = RHOIP
RETURN

1U TTIP = la~(VEL®*Z+TWLMR)}/CPTIP
IF{TTIP.LT.0.) GU TO 30
TENP = TTIP**{EXPUN-L. 1}
RHUT = RHOIP*TEMP*TTIP
RHUWP = —VEL**2/GAM*AHOLP FAR*TEMP/TIP+RHOT
IF(RHUWP oLE. Q. GO Tu 30
VELNEW = VEL +{ RHUW-RHOT*VEL) /RHOWP
IFLABSIVELNEW-VEL )} /VELNEW.LT..0001) GO TO 20
VEL = VELNEW
GO TO 10

20 VEL = VELNEW
RHO = RHUW/YEL
RETURN

30 TGROG = 2.*GAM¥AR/{GAM#+1.)
VEL = SURT{TGRUG*TIP®*{l.-TWLMR/CPTIP)}
RHO = RHUIP*(l.~{VEL¥*2¢TWLMR) /CPTIP)**EXPON
RWMORW = RHJW/RHO/VEL
NER{1) = NER(L)+]
WRITE( &4 20001 LER{L)NER(1) »RWMURW
IFI(NER{1).EQ.50) STOP
RETURN

1000 FORMAT(Ll6HLUENSTY CALL NU, 313794 NER{l) =,[3/10H RHO*W IS ,sF7.4,

134H TIMES THE MAXIMUM VALUE FOR RHU*W)
END
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Subroutine ROOT

Subroutine ROOT finds a root for f(x) =y by Newton's method. The function f(x)
must be defined on a specific interval [a,b] . The values of f(x) are calculated by
another subroutine (FUNCT).

The value xk+1 is determined from xk by

kel _y - £(5) | (K
f'(xk)

X

The first value of x is x0- I x5! is not in the interval, if f'(x%) =0, or if

f'(xk) = «, the interval [a, b] is scanned to see if a suitable starting value of x for
Newton's method can be found. If a root cannot be found in 1000 iterations, a message
is printed, and the calculations are stopped.

Subroutine ROOT requires that f(x) be calculated by a FORTRAN subroutine sub-
program (FUNCT). Any name may be chosen for this subroutine. In TANDEM, FUNCT
is either BL1, BL2, BL3, or BL4. The calling sequence is

FUNCT(X, FX, DFX, INF)

These arguments are defined as follows:

FX f(x)
DFX f'(x)
INF used to indicate an infinite derivative:

0 if f'(x) is finite
1if f'(x) is infinite

The input arguments for ROOT are as follows:

A a
B b
Y v
FUNCT external subroutine to calculate f(x)

TOLERY tolerance on solution (x is accepted as a root if [f(x) - y| < TOLERY.)
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The output arguments for ROOT are as follows:

X value of x suchthat f(x) =y
DFX f'(x)

SUBROUTINE ROQT(A4B:Y,FUNCT,TOLERY 3%,DFX)

E RCOT FINDS A RCOT FCR (FUNCT MINUS Y) IN THE INTERVAL (A,B)
c
COMMON SRWs ITER, IEND,LER{2),NER(2)
INTEGER SRW
IF (SRW.EQ.21) WRITF(6,1000) A,B,Y,TOLERY
TOLERX= (B—-A)/1000.
AB2= (A+R)} /2.
I =0
% = A
10 CALL FUNCTI(XsFXsDFXsINF)
IF (SRHW.EQ.21) WRITE(6,1010) I+X,FX,DFX,INF
IF (ABSIY-FX).LT.TOLERY)} RETURN
If {1.GE.L000) GC TO 30
I= [+l
IF [INF.NE.O .OR. DFX.EQ.0.) GO TO 20
X= (Y=-FX)/ODFX+X
IF (X.GE.A «AND. X.LE.B) GO TO 10O
X = A+TOLERX*FLOAT(ID)
IF({1.EQ.1) X =B
GO TC 10
20 IF (X.LT.AB2) X=X+TOLERX
IF [X.GE.AB2) X=X-TOLERX
GO 10 10
30 WRITE(6,1020) LER(2),A,B,Y
ap
1000 ESRNAT {32H1INPUT ARGUMENTS FDR RODT —- A =G13.5,3X,3HR =,G13.5,
13Xy3HY =,613.5,3X¢BHTOLERY =,G13.5/17TH ITER. NO. XelTXy
ZZHFXol5x.3HDFK.10K|3HITF}5 rel
RMAT {5X313,G16.5,2G18.5,
tg;g igR:AT 116;LR607 CALL NO.,I3/47H ROOT HAS FAILED TC CONVERGE IN 10
100 ITERATIONS/4H A =,G1%4.6,10%X3HB =,G14.6,10%,3RY =,Gl4.6)
ENC

Subroutine SPLINE

This subroutine is based on the cubic spline curve. SPLINE solves a tridiagonal
matrix equation given in reference 9 to obtain the coefficients for the piecewise cubic
polynomial function giving the spline fit curve. SPLINE is based on the end condition
that the second derivative at either end point is one-half that at the next spline point.
The input variables for SPLINE are as follows:

X array of ordinates
Y array of function values corresponding to X
N number of X and Y values given
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The output variables for SPLINE are as follows:

SLOPE array of first derivatives

EM array of second derivatives

If Q=13 in COMMON, input and output data for SPLINE are printed. This is useful
in debugging.

SUBRUUTINE SPLINE (XsY,NsSLUPE EM)

c
C  SPLINE CALCULATES FIRST ANU SECUND DERIVATIVES AT SPLINE POINTS
C ENDU CuNDITIUN - SECJND JERIVATIVES ARE THE SAME AT END POINT AND
C ACJACENT PUINT
C
CUMMUN W/BOX/STLO0)A0100),8(100),C(LUO}+F(LOOD) »W(Ll0V)},5B(100),
1Gt 200}
DIMENS IUN X{N) o YIN) JEMON) » SLUPE (N)
INTEGER &

DU LU [=24N
LU SULk=X(L)=xt1-1)
NUO=N=1
IF{NU .LT.2) GU Tu 30
DU £U I=2,NJ
AL L)1=5(1)/¢6.
BOId=(SUL)+S(A+1))73.
ClLi=501+1)/¢.
20 FLE=OYOL+0)=Y UL} /SUL+ =Y LL)=YUI=-1))/501)
30 ALND) = —.5
Blli=1.
BiN)=1.
Cll) = -,5
F{ll=0.
FIN)=0.
Will=8(1)
SBELI=ClLI/ Wil
Gill=0.
DU 40 I=2,N
WLEI=B 0D )=AC LI*SB(I-1)
Sel II=ClLi/atl)
40 GLEI=CFRCL)=ACTI%GUI=-1) ) /Wl l)
EMIN)=GIY)
DU b0 I=2,nN
K=N+1-1
50 EM{K)=GIK J=5BIKI*EM(K+1)
SLUPEL 1)==S{2) /6% 2. %EMIL)+EMI2) )+ LYI2)-Y(1))/5(2)
DU 60 I=2,N
60 SLUPEL I)=5(F )/ 6a®{2¢EMII)+EMITI-LM )+ (Y(TI)I=Y{I-1)}/5(1)
IF (WeBwel3) WRITE(O6,1000) WelX(I) oYL} ySLUPELL) yEMUL)yIl=1,N)
RETURN
1000 FURMAT (Z2XyLEHNUS UF PUINTS =413/10KelHXs1lFIXs1HY 19X 5HSLOPE,15X,
L2HEM/( 4F20.8 1))
END
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slopes are specified. The input variables for SPLN22 are as follows:

X
Y
Y1ipP
YNP
N

Subroutine SPLN22

This subroutine is the same as SPLINE, except that, for the end conditions, the

array of ordinates

array of function values

slope at first point

slope at last point

number of X and Y values given

The output variables for SPLN22 are as follows:

SLOPE

EM

If Q=18 in COMMON, input and output data for SPLN22 are printed.

array of first derivatives

array of second derivatives

ful in debugging.
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SPLN22 CALCULATES FIRST AnU SECOND UERI VATIVES AT SPLINE POINTS
ENU CuNDITIUN - DERIVATIVES SPECIFIED AT END PUINTS

10

20
30

SUBRUJTINE SPLNZ22 ( Xy Y, YLP,YNP ,N,SLOPE JEM}

CUMMUN W/BUK/SULOUN,ALLOO),B(L00),C{100)F (100} ,WliLI),5B8(100),

166 2uud

DIMENS IuN AIND) Y i) oEMIND » SLUPE (N}
INTEGER &

DU 1u I=24N
SCI)=X{I)=-X{I-1}
Nu=N-1

[F{NULLT.2) Gu Td 30
DO 20 1=24Nu

AL TI=SL1}/6.
BLI)=(SCLH+5(1I+1)) /3.
ClI)=5(I+1})/6.

FOII={YCL#10=Y (LB /SETI+0d=0Y (D) =Y{I=-1) }/5LT)

ALNY = SIN)/E.
BL1iI=5(2173.

BIN} = S(N)/ 3.
Clli)=512)/¢.
FlLl=(Y(2)=Y{LP}}/5(2)-Y1P
FIND = YNP={Y{N)-Y(N=L))/5(N)
Wi l)=8tL1)

SBlLli=C{1I/mW{L)
GELI=F(L1/Wl 1}

D0 40 1=24N
WiI)=8{11-AlL1)*SB{I-1)
SBLIN=ClL}/all)

This is use-



40 lId=(FL1)-ALL)*6(I-1) ) /WIL)
EMIN}=GIN)
D0 50 I=2+N
K=N+1-1

5C EMIK)=CIK I-S58IRKI*EMIK+]L)
SLUPE{ 1)==S{ 21 /6.5 (2. #EMILI+EMI2)) +(Y{2)-Y (L)} /5(2)
DO 6U [=2,N

60 SLUPEL I1=S{I 1/ 6% 2 ¢ EMULI+EMII-D) )+ (Y L) -Y(I-1))/S(1}
[F (WeEdel8) WRITE{6,L000) Ny (XL} oY(I) SLOPELL}EMIL),I=1,N)
RETURN

1000 FURMAT {2X,15ANU. OF PUINTS =,13/10X,1HX L 9XKs1HY 41 9X,5HSLOPE.15X,

LZHEM/{ 4F 2U.B 1))
END

Subroutine SPLINT

This subroutine is based on the cubic spline curve, with the same end conditions as
SPLINE. The ciubic spline curve is then used for interpolation. The input variables for
SPLINT are as follows:

X array of spline point ordinates

Y array of function values at spline points

N number of X and Y values given

Z array of ordinates at which interpolated function values are desired

MAX  number of Z values given
The output variable for SPLINT is as follows:
YINT array of interpolated function values

If Q=16 in COMMON, or if some element of the z array falls outside of the inter-
val for the x array, input and output data for SPLINT are printed. This is useful in de-
bugging.
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SUBRUUTINE SPLINT (X,YsNsZ,MAX,YINT,0YDX)

SPLINT CALCULATES INTERPJULATED PUINTS AND DERIVATIVES

FOR A SPL INE CURVE

END CUNULTIUN ~ SECUND VDERIVATIVES ARt THE SAME AT END POINT AND
ACJACENT POINT

CUMMON Q/BUXK/SLL100)4A(10U) b (100),C(LO0) F(LOD),W(10D),58(10N),
166 LU0 ) ,EM( 100)
DIMENS [UN XINDyY{N) pZ(MAX) s YINTIMAX) sDYDXIMAX)
INTEGER @
IF{MAX JLE-O) RETURN
Il =
DO 1u I=Z,N
LO St L)=X(1)=X{1I-1}
Nu=N=-1
IF{NU LT.2) GU TU 30
DU 20 I=2,N0
Al T)=5il)/¢esC
BLE)=(S{LLI+5(1+1})/3.0
Cli)=5(0+1i/é.0
20 FULISIYOL+Lh=YULL b b /SUL+L) =YL=yl =1)bs510010
30 Alw} = =.5
Bl 1l)=1.0"
BIN)=1.0
C{i) = -,5
FL1)1=0.0
FINJ=0,0
Wi ll=B(l1)
SBLLI=CLLI/WIL)
Gt 11=0.0
DU 40 i=2,N
Wl Ed=g(li-ALT)*SBLI-1]}
SEBLLI=CL I /Wil
40 GLEN=(FI)-ACLI*GUI-1) ) /HLI)
EMINI=GIN)
DU 50 [=2,N
K=iN+l—|
50 EMIK)=GIK }-SBIK)*EM(K+1)
DU 140 I=l.MAaX
K=2
IF(LUT =X01)) 70,60,90
60 YINTCI )=Y( 1}
Gu Tu 130
7O IF(Z0 T laGEW( Lo 1¥X{1)-o1*X{2}}) GO TO 120
WRITE (6, 1000) ZC11)

€ = 16
GO TO 120
BO K=in

IFCZL I oLEel Lal*X{N)- o 1¥X(N-1))1) LU TU 120
WRITE (6, 1000) Z(1)
g =16
Gu TU 1£0
90 IF(ZCI)-X{K)} 120,100,110
100 YINTOIL)=Y{K)
GO Ty 130

110 K=K +1
IF(K-N} 9Cy 90, EQ

120 YINTOL) = EMUR=1L0®(X(KI-Z(1))%%3 /6 /SIKI+EMIK) #{Z{1)-X(K-1)}}*%3/ 6,
L/STKIH{YIKI/ZSIRI-EMIK) #S{R) /0 PE(LLI N =X(K=1)} )+ (Y(K=-1)/S{K)-EMIK-1)
RS M et = IXIKI=LLUT )]

136 DYDX{ D) =—EMIKR-L)*(XU{KI=ZAT ) 1 *.%2 /2, O/ SIRKI+EM(K) 2 (X{K-L)-Z{1}))*%2/2,
10/SUK Y+ YIRI=YIK=L)}/SIKI-{EMIKIEM(K=1)) *5({K)/6.)

140 CONTINUE
MXA = MAXOIN MAX)

IFlWweEULl6) WRITE(O,10L0) NyMAX  (XUD} o YOI 94 0L) B YINTUL) 4 OYDX( L),
Li=LyMxA)

W = 11

RETUKN

1000 FURMAT (54H SPLINT USEU FUR EXTRAPULATION. EXTRAPOLATED VALUE = ,
G146}

1010 FURMAT (2X,21HNU. UF POINTS GIVEN =413 430H, NO. GF I[NTERPOLATED PO
LINTS =,[3/1UXs IHXs 19X, 1HY ; L6XsL1HX—INTERPOLs v9 X4y L1HY-INTERPOL.
28Xy L4HCYDA-INTERPOL/{ 5E20.81)) 7
END



Lewis Library Subroutine TIMEL

This subroutine is part of the Lewis Systems Library. TIME1 gives the time in clock
pulses of 1/60th of a second. To get elapsed time in minutes, the clock must be read
twice and the difference divided by 3600. TIME1 may be replaced by a user's clock read-
ing subroutine, or it may be removed from the program.

CONCLUDING REMARKS

It is not always possible to obtain sufficient detail on some critical parts of the blade
surfaces by using the TANDEM program. Due to storage limitations on the computer,
grid spacing may be too large to give the desired detail around small leading- or trailing-
edge radii or within slot regions. For this reason, a computer program called MAGNFY
has been written to obtain a solution on a finer mesh in a small part of the blade-to-blade
region. MAGNFY is described in reference 13.

After TANDEM was written, it was realized that the TANDEM program was sig-
nificantly improved over the 2DCP program (ref. 3) for a single unslotted blade. Hence,
TANDEM was modified to solve the same problem as 2DCP. This modified program,
called TURBLE, is described in reference 14. The coding in TURBLE is simpler and
more foolproof than that of 2DCP. Also, TURBLE allows more interior mesh points in
the solution region, and has its own error package independent of the Lewis computer
system. It is intended that TURBLE should supersede both the 2DCP and the 2DINCP
(ref. 11) programs.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 4, 1968,
126-15-02-31-22.
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APPENDIX A

FINITE-DIFFERENCE APPROXIMATION

An approximate numerical solution for the stream function u can be obtained by
finite-difference methods. These methods involve first establishing a rectangular grid
of mesh points in the region, as shown in figure 14. Then at each point where the value
of the stream function is unknown, a finite-difference approximation to equation (1) can
be written. Adjacent to the boundary, the boundary conditions are included. If there are
n unknown values, n nonlinear equations are obtained in n unknowns. The equations
are nonlinear since the coefficients involve the density, which depends on the solution.
The equations may be solved by an iterative procedure, with two levels of iteration. The
inner iteration solves a linearized equation, and the outer iteration makes corrections to
the linearized equation so that the solution converges to the solution of the original non-
linear equation.

First, the inlet absolute total density is used for determining the coefficients of the
finite-difference approximation to equation (1). This results in n linear equations.
These linear equations may be solved iteratively by successive overrelaxation, as de-
scribed in references 10 and 11. This solution is an approximate solution of equation (1)
for the stream function. This approximate solution may be differentiated numerically to
obtain approximate velocities from equations (2) and (3). The approximate velocities are
then used to obtain a better approximation to the density at each point, and the coefficients
of equation (1) are recalculated by using new densities. Thus, the solution to the non-
linear equation (1) is approached by a sequence of solutions to linear equations.

A typical mesh point with the numbering used to indicate neighboring mesh points is
shown in figure 17. The value of the stream function or the other variables at 0 is denoted

hy
h
6o - 1
1 0

m

Figure 11. - Notation for adjacent mesh points
and mesh spaces,
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by using the subscript 0, and similarly for the neighboring points. It can be shown
(ref. 10) that equation (1) can be approximated by

2u 2 2 2u 204 21.10
1 + ‘2 - —-—liq— + 3 + -—
hy(hy + hy) byl +hy) hyhy | |hglng +hy) hylhg +hy) hghy (A1)

1 fP2- "1)(“2 2 “1)+ [sin @y by - bgrg] (“4 i “s) =295 o0 sin ag

po\by + By f\hy +hy l_ro prO(h3+h4)_| hg+hy) W

where h, = rO(A{;i)1 and h, = ro(&e)2 (since ry=ry= rz). In setting up equations for
solution, the coefficients of the u; in equation (A1) must be calculated. This was done
by expressing equation (Al) as

where

(A2)

o -p
byy = 2 71
pﬂ(hl * hg)
_bgpy -Pypy  sin oy L

B =
34
bopglhg +hy) 7

1 2
B iy
1 12
ag(hy + hy) (h1 )
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This equation can be used at all interior mesh points, and for mesh points adjacent to the

blade surfaces BC, ML, and so forth.
Along the boundary where the value of u is unknown, the equation will vary. For

example, along the upstream boundary, du/dn is known, and a finite-difference approxi-
mation to (du/on) in in equation (4) gives

tan 8.
“0=“4+h4@ =uy +hy & (A3)
an in 2
Similarly, along the downstream boundary, equation (5) gives
tan B
Un = Uy + hy [ 38 = i =g e Q0 (A4)
0”37 "3 n 373\ o
out out

For the points along AB, equations can be derived by using the periodic boundary con-
dition. I the point 0 (fig. 18) is on the boundary between A and B, the point 1 is outside
the boundary. However, it is known that u; = ul, 5 = 1 where the point 1,s is a dis-
tance s above point 1 in the @-direction, as shown in figure 18. Substituting this con-

dition in equation (A2) gives

4
Ug = 23Uy g+ g au; - ag + Ky (&5)

i=

upeup gl

A i i 8
H

Figure 18, - Mesh point on line AB.
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where a, is the same as defined in equation (A2).

The points along MN are not part of the solution regions, since the value of the
stream function at each of them is just 1 greater than the corresponding point along AB.
The equation for the first mesh line below NM must be modified, however. In this case
u, = u2, gt 1, where the point 2, -s is a distance s below point 2 in the negative 0-
direction, as indicated in figure 19. Substituting this condition into equation (A2) gives

U = agly + agly o+ Agug + aguy + ay + kK (A6)

In a similar manner, equations can be derived along the other boundaries (FG, HI,
CD, and KL; and DE and JX for the nonoverlapping case, fig. 4) where a periodic condi-
tion exists. Rather than give the equation for every possible case, it is easier to state
the rule for modifying equation (A2). I an adjacent mesh point i (fig. 17) is outside the
mesh region (along a periodic boundary), two changes must be made:

(1) Change the subscript of u from i to i, s if the periodic boundary is along the
bottom of the mesh region. Change the i to i,-s along the top of the region.

(2) Subtract a; from k, if the periodic boundary is along the bottom of the mesh
region. Add a; to k0 along the top of the region.

One of equations (A2) to (A6) can be applied to each mesh point for which the stream
function is unknown in the region of interest, giving the same number of equations as there
are unknowns. These points where the stream function is unknown are referred to simply
as unknown mesh points.

(A7)

|t
=

[ ]! \h\

u2=u2'_s+l

—_/\

A 2,-s B
Figure 19. - Mesh point on first line below MN.
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This system of n equations is represented in matrix form as

Au=k (AT)
where u= (ul, R n)T is a vector whose components are the unknown values of the
stream function, A is the coefficient matrix of equations (A2) to (A6), and k =

(kl, I kn)T is the vector whose components are the known constants of equa-

tions (A2) to (A6). K the mesh size is sufficiently small, the coefficients a; to a; in
equation (A2) will all be positive (for any given continuous functions b and p). In this
case, the coefficient matrix A is irreducibly diagonally dominant, and there is a unique
solution to equation (A2) (ref. 10).

The solution to equation (A2) is obtained by using two levels of iteration. The inner
iteration consists of solving equation (A2) by using fixed values of p based on the pre-
vious inner iteration. The inner iteration is successive overrelaxation using an optimum
overrelaxation factor §2, as described in reference 11 (p. 77). The iterative procedure

is given by
i-1 n
m+l _m _ m+1 _ m m
W=y + 8 E 2459 g U5 + k- Uy
i=1

j=i+1
for 1=1,2,...;4 (A8)

where @ is the overrelaxation factor. The a;; are the elements of the matrix A, and
the ki are the components of the vector k of equation (AT7). The u{i) are the initial es-
timates of the Uy and are obtained from the previous inner iteration.

The outer iteration consists of making corrections to the coefficients so as to finally
obtain a solution to the nonlinear equation (1). The optimum value of £ can be deter-
mined as described in reference 11 (appendix B). The optimum value of £ will vary
slightly each time the coefficients are corrected; however, the change is usually small,

and it has been adequate to use the same overrelaxation factor for the entire calculation.
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APPENDIX B

NUMERICAL TECHNIQUES USED IN PROGRAM
Calculation of Velocity and Density

When the stream function u has been calculated, it is then possible to calculate the
derivatives 9u/om and 3u/0f by numerical techniques. Then, with equations (2) and
(3), and since w2 = W+ Wg, values for pW can be calculated. It is assumed that the
valuesof w, A, r, v, ¢, T; , and p; ~are all fixed and known. Then p, and hence
pW, is a function of W. The product pW has its maximum value when W =W - ¥
pW is less than this maximum value, there are two values of W which will give this
value of pW, one subsonic and the other supersonic. It is desired to find the subsonic
value of W corresponding to the given value of pW. The method used is Newton's
method, which converges quadratically.

It is necessary to express pW as a function of W. The static temperature T may
be expressed as a function of W and r by (see ref. 15, eq. (3))

T g, W2 4 20 - (wr)? (B1)

1 T
Tin chTin

With the assumption of isentropic flow

1
y-1
-3 _T'_) (B2)
Pin Tin
and the following equation is obtained:
L
% s 2]r-1
oW = pj w1 - W+ 202 - (or) (83)
Zcme

For Newton's method, the derivative with respect to W is needed,

103



2 ot
2.1 '}’—1 y-]_
dow) . WP | whizor - @l | WP 200 - (wr)? B4)
- ] ] in ]
dw ‘yR‘I'm 2cpTi.n 2cpTin
Suppose that (pw)giv is a given value of pW. A first estimate of W is
W),
W, = _H_'_EI__" (B5)
Pin
Then, using Newton's method,
W), i - PW_)W
W =W+ d(ii;) D H=05% 5 (B6)

dw x
W-Wn

Since the convergence is quadratic, only a few iterations are needed, and the relative

change in Wn is an excellent measure of the relative error in Wn. If an estimate for

W is available from a previous iteration, this value is used for WO instead of using

equation (B5). The algorithm given by equation (B6) is done by subroutine DENSTY.

Calculation of Prerotation A

The input information for the program determines the value of A = (rve)m. The
average value of (pw)1 e can be calculated by

T1eSP1e €08 Brg

where ‘Ble is the average value of 8 across BM. The value of W can be estimated by
dividing this value of (pW)in by pin. Then A can be estimated by

A =11o(Wyg sin By + wrpp) (B8)

where wle is the average value of W across BM. From this a better value of Pie is
calculated by
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1

W2 4 20 - (wr, )2 ¥
4+ 4WA - (T
{ e ii8 le (B9)

Pjg:™ p;.l‘l '

2cpTin
Use of this value of p;, gives a better estimate of the value of We» and then iteration
can be used with equations (B8) and (B9) until there is a negligible change in p;,. This
calculation also gives the value of wle along BM. These calculations are performed in
PRECAL.

Calculation of Critical Relative Velocity Wer

For reference, the critical relative velocity W o is calculated at blade leading and
trailing edges. This is given by

wa = DR (B10)
v+ 1
where
2wA - (wr)?
=y - 2@A - (wr) (B11)
o 2cp

This calculation is performed by PRECAL.

Calculation of Maximum Value of Mass Flow Parameter pW

The mass flow parameter pW attains its maximum value when W = wcr‘ For ref-
erence, the maximum values of pW along BM and along FI are computed by the program.
The maximum value of pW is calculated by

1
-1
2 2|”
wcr + 2w - (wr)

OW) max = PinWer |1 - - (B12)

:?.!epTin
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where W . is calculated by equations (B10) and (B11).

Calculation of Flow Angles B along AN and GH

If the radius or stream-channel thickness b is not constant in the meridional direc-
tion, the free-stream inlet and outlet flow angles S change along the meridional axis.
(By free-stream velocity or flow angle we mean the velocity or angle that would exist at
a point of the stream channel based on conservation of angular momentum, either up-
stream or downstream of blade). The following relations hold for free-stream condi-
tions:

W 2
tan B = _.-..-_6—
Wm
Wy = Mg = Wr r. (B13)
rVe = Constant
w
W =
m
pbrs g

From this we can derive the following equation for the free-stream angle S at any point
along the meridional axis, when it is known at some other reference coordinate of
m = IMox.

tan

2 2
B = tan ﬁ*(ﬁ).,.M b (B14)

Px w

by

Equation (B14) may be used at either inlet or outlet to calculate Bin or ‘Gout' This
requires iteration, since p is not known until g is known.

Equation for Leading- and Trailing-Edge Radii

The equation for the leading~ and trailing-edge radii is needed. K the radius r were
constant,
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(m - m:«)2 + rz(ﬂ - 9*)2 = R2

(B15)
where R is the leading- or frailing-edge radius and myx, 8% are the coordinates of the
center of the radius. Since r changes by a relatively small amount on this circle, it

was deemed adequate to use this equation with r taken at the leading or trailing edge.
Equation (B15) is used by the program to calculate coordinates on the leading- and trailing-
edge radii. It is also used to calculate the points of tangency to the spline curves de-
scribing the rest of the blade surfaces, and to calculate slopes on the leading- and trailing-
edge radii.

Calculation of Surface Length

It is often desired to plot the velocities as a function of blade-surface length. For
convenience, the approximate blade-surface length is calculated by the program. The
calculation is based on straight-line distances between each vertical grid line on the blade
surface. If hi is the spacing between vertical grid lines, Ty the radius at the ith verti-
cal grid line, and @ i the coordinate of the ith vertical grid line, the surface length S,

to the nth grid line is approximately

n ———— -
2
S, = E vhi + (91 5 91—1) (*_2_“ (B16)

i=2

This may be in error near the leading or trailing edge, but is quite accurate over most of
the blade surface.
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